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FEELING THE BURN: ASSESSING THE EFFECTS OF FIRE SEVERITY ON ELK
NUTRITIONAL RESOURCES AND RESOURCE SELECTION
Chairperson: Dr. Joshua J. Millspaugh
Wildfires in the western United States have been increasing in size and severity over the
last several decades, and climate forecasts suggest a continued increase in wildfire activity in the
future. Large-scale wildfires often burn in a mosaic-like pattern of varying fire severity creating
a heterogenous landscape with concomitant effects on vegetation communities. By changing
vegetative structure, fire severity potentially alters the availability and distribution of key
resources for wildlife such as food and cover, ultimately influencing habitat use. However, the
impact of fire on wildlife has frequently been treated as binary (i.e., burned vs unburned), and a
deeper understanding of the effect of fire severity on wildlife habitat and habitat use is needed to
inform management of wildlife in recently burned landscapes. To address this gap, we sought to
evaluate the effects of fire severity on summer forage quality and quantity as well as resource
selection during the fall hunting seasons for female elk (Cervus canadensis).
To evaluate the effects of fire severity on summer nutritional resources, we collected field
data and remotely sensed information in years two and three after a large-scale wildfire. We then
built predictive forage quality and quantity models to understand the landscape level effects of
fire severity. We found that both forage quality and herbaceous forage biomass increased in
burned conifer forests regardless of fire severity. For shrub forage biomass, unburned forests had
the highest biomass, and there was no difference between fire severities in dry forests. Low
severity mesic forests had significantly greater shrub forage biomass compared to high severity
burned mesic forests. Based on our predictive forage quality model, we found that wildfire
extended the duration in which elk can access high quality forage.
To assess the effects of fire severity on elk habitat use in years two and three postfire
during the fall hunting seasons, we developed resource selection probability function models for
four hunt periods ranging from no to high hunter pressure (i.e., prehunt, archery-only,
backcountry rifle, and rifle). We found limited differences in resource selection between fire
severity categories during the hunting seasons in years two and three postfire. Because fire
improved forage quality regardless of fire severity, elk may have been attracted to burned forests
because of an increase in nutritional resources during the prehunt and archery-only periods.
During the backcountry rifle and rifle periods, resource selection likely was driven by factors
other than fire effects as hunter pressure and snowpack increased.
To our knowledge, our study was the first to assess the effects of fire severity on summer
nutritional resources and resource selection in the fall hunting seasons for female elk. In general,
we found that fire improved nutritional resources for female elk in both the summer and fall, and
elk accessed the high-quality forage in burned forests when hunter pressure and snowpack on the
landscape was low. We found minimal differences in nutritional resources and resource selection
between low and high severity burned forests in years two and three postfire.
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Chapter 1: Wildfire extends the shelf-life of elk nutritional resources regardless of fire
severity
Abstract
Large-scale, high severity wildfires are increasingly frequent across the western United
States. Fire severity affects the amount of vegetation removed and helps dictate what, where, and
how many plants regenerate postfire, potentially altering the available habitat and nutritional
landscape for wildlife. To evaluate the effects of fire severity on summer nutritional resources
for elk (Cervus canadensis), we collected field data and remotely sensed information in years
two and three after a large-scale wildfire to compare forage quality and quantity across forest
types and fire severities within the summer range of one elk population in west-central Montana.
To understand the landscape level effects of fire severity on nutritional resources, we developed
predictive forage quality and quantity models. We used these models to predict nutritional
resources across the landscape for four scenarios representing different fire severity patterns (i.e.,
an unburned landscape, a landscape burned only at low severity, a landscape burned only at high
severity, and the observed landscape burned at a mixed severity). Shortly after the wildfire,
summer forage quality and herbaceous forage quantity increased in both mesic and dry mixed
conifer forests regardless of fire severity. Summer shrub forage quantity was greater in unburned
mesic and dry forests, and there was no difference between fire severities in dry forests. Low
severity burned mesic forests had significantly greater shrub forage quantity compared to high
severity burned mesic forests. The three predicted fire scenarios had the highest percentage of
the summer range with adequate forage quality which increased throughout the summer. In
contrast, the predicted unburned landscape had the lowest percentage of adequate forage quality
which decreased throughout the summer. Wildfire extended the duration in which elk can access
1

high quality forage in the summer in years two and three postfire. Therefore, shortly after a
large-scale wildfire, elk may be better able to meet their nutritional requirements which may
positively impact elk body condition, reproductive performance, and survival.
Key words: Cervus canadensis; forage quality; forage quantity; landscape nutrition model;
Montana; summer.
Introduction
In recent decades, wildfires have increased both in frequency and severity across the
western United States (Flannigan et al. 2013, Dennison et al. 2014, Westerling et al. 2016, Parks
and Abatzoglou 2020). In the central Rocky Mountain region, recent wildfires have burned
nearly double the amount of total area since the 1980s (Higuera et al. 2021). These trends are
projected to continue under a changing climate, leading to substantial ecological impacts (Littell
et al. 2010, Flannigan et al. 2013, Stavros et al. 2014, Barbero et al. 2015). In conifer-dominated
forest ecosystems, wildfires transition forests to early successional stages and thus play a crucial
role in shaping forest structure and composition (Adams 2013). These changes in vegetative
structure, therefore, alter wildlife habitat through changing the availability and dispersion of
nutritional and cover resources. Wildlife respond to these disturbances to meet survival and
reproductive requirements, potentially influencing both demography and distributions after a
wildfire (Saab and Vierling 2001, Hebblewhite et al. 2009, Kotliar et al. 2008, Roberts et al.
2015). Fire severity is a key component of wildfires with variable effects on vegetation, and,
therefore, potentially wildlife habitat. However, the impact of fire on wildlife has frequently been
treated as binary (i.e., burned vs unburned), and a deeper understanding of the effect of fire
severity on habitat is needed to inform management of wildlife against a backdrop of burned
forests (Fontaine and Kennedy 2012, Geary et al. 2020, Volkmann et al. 2020).
2

Understanding the summer nutritional landscape post-fire may provide insight into elk
(Cervus canadensis) population dynamics. For elk, nutritional resources are a key factor
affecting adult female survival, reproduction, and juvenile recruitment (Cook et al. 2004, 2013,
Parker et al. 2009), yet research has not addressed the impacts of wildfire severity on elk forage
quality and quantity. Nutritional demands for female elk vary seasonally and depend upon
pregnancy status, lactation status, and winter weather conditions (Cook et al. 2004, 2013, Parker
et al. 2009). The highest energetic costs for female elk are incurred from late winter, when
energy requirements increase during the final trimester of gestation (Pekins et al. 1998), through
the summer months during lactation (Cook et al. 2004). Thus, the nutritional resources available
during summer play an integral role in determining the body condition of the female year-round,
influencing pregnancy rates in the fall, overwinter survival, and neonatal birth mass and survival
(Cook et al. 2004, Parker et al. 2009, Proffitt et al. 2016), which in turn, can affect elk population
numbers (Gaillard et al. 2000).
Knowledge on how wildfires alter the spatial and temporal availability of forage quality
and quantity in the summer may provide insight into understanding elk distributions post fire.
Nutrition is a combination of forage quality (i.e., nutrient composition) and quantity (i.e., food
abundance) and foraging behavior (Pretorius et al. 2011, Cook et al. 2016). At a larger-scale, elk
select for foraging habitats across the landscape, and at a smaller-scale, elk select for plants
within plant communities. Elk alter their selection of nutritional resources dependent upon
seasonal requirements and spatiotemporal availability. In summer, elk respond to spatial
variation in nutritional resources by typically selecting foraging areas with open tree canopy to
access high quality forage (Skovlin et al. 2002, Boyce et al. 2003, Rowland et al. 2018). Elk,
also, respond to temporal variation in nutrition, driven by plant phenology (Hebblewhite et al.
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2008). As plants age and become more fibrous, the nutritional quality decreases because gut
passage time is increased and digestibility is reduced (Van Soest 1982, Spalinger and Hobbs
1992). Therefore, elk select high quality forage to maximize nutrient intake to meet nutritional
demands.
Elk demography and distributions are linked to the distribution and availability of
nutritional resources. Fire strongly impacts nutritional resources, although effects are dependent
on time since fire (Van Dyke and Darragh 2006, Proffitt et al. 2019) and pre-fire plant
communities (Sachro et al. 2005, Proffitt et al. 2019) and vary in impact on digestibility and
duration. In general, ungulate nutritional resources have been shown to increase after a wildfire.
Fire removes dead litter and woody vegetation in the understory and opens the canopy.
Therefore, more sunlight can reach the forest floor allowing for higher quality and quantities of
forage to flourish (i.e., forbs and graminoids; Merrill et al. 1980, Robbins et al. 1987, Cook et al.
1994, Tracy and McNaughton 1997, Sachro et al. 2005). Time since fire plays an important role
in determining nutritional resource availability. Typically, more recently burned areas have
higher forage quality and variable forage quantity depending on vegetation type pre-fire (Van
Dyke and Darragh 2006, Proffitt et al. 2019). However, the duration of postfire nutritional
resource increase has also varied from a range of no change to several decades likely due to sitespecific differences (Hobbs and Spowart 1984, Pearson et al. 1995, Cook et al. 2016, Proffitt et
al. 2019). Additionally, season (Hobbs and Spowart 1984, Proffitt et al. 2019) and landscape
features such as elevation (Greene et al. 2012, Proffitt et al. 2019) and aspect (Greene et al.
2012) affect how nutritional resources are impacted by fire.
Wildfire severity may be another source of postfire variation in nutritional resources.
Wildfire severity is an important component of large-scale wildfires that differentially influences
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vegetation communities, and therefore, potentially nutrition, across the landscape. For example,
low severity burns have been shown to have higher graminoid, shrub, and forb cover compared
to high severity burns shortly after a wildfire (Turner et al. 1997), potentially leading to
differences in herbaceous and shrub forage quantity for elk. Additionally, the composition and
phenology of the plant community may differ between fire severities because of variation in
regeneration strategies (Heinselman 1981, Turner et al. 1997) and microclimate (Stevens et al.
2015, Wolf et al. 2021) potentially leading to differences in forage quality. For example, the
greater sun exposure in high severity burned forests could lead to earlier vegetation senescence,
and therefore, lower forage quality compared to low severity burned forests where the canopy
cover remains partially intact. These differences between fire severity classes are likely to
become less pronounced as time since fire increases and the canopy cover closes. However,
shortly after a fire, these potential differences in plant cover, composition, and phenology
suggest that fire severity could play an important role in determining forage quality and quantity
for elk.
Although knowledge on the effects of fire on elk nutrition is increasing, it is important to
understand the impacts of fire severity because potentially small differences in the
spatiotemporal availability of nutritional resources could lead to changes in reproductive
performance and survival (Cook et al. 2004). As large-scale and high severity fires continue to
increase in frequency, understanding the postfire nutritional landscape through incorporating fire
severity will be important for future wildlife management. To address this gap, our objective was
to evaluate the effects of low and high severity fire on elk summer forage quality and quantity in
years two and three after a large-scale wildfire in west-central Montana. We hypothesized that
fire severity variably affects summer forage quality and quantity dependent upon forest type (i.e.,
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mesic vs dry conifer forests). We predicted that forage quality would be lowest in unburned
forests, highest in low severity burned forests, and moderate in high severity burned forests. For
herbaceous forage biomass, we predicted that biomass would be lowest in unburned forests,
highest in low severity burned forests, and moderate in high severity burned forests. Lastly, we
predicted that shrub forage biomass would be highest in unburned forests, moderate in low
severity burned forests, and lowest in high severity burned forests.
Methods
Study area
The study was conducted in west-central Montana in the Ovando-Seeley Lake area and
focused on the summer range of the Blackfoot-Clearwater (BC) elk population (Figure 1a). The
BC elk population was estimated at approximately 1,000 animals between 2018-2020 based
upon aerial surveys. We calculated the 95% kernel density estimate to determine the population
level summer range (May 15-August 31) from 53 adult female elk that were captured and GPS
collared using helicopter net gunning or chemical immobilization in accordance with animal
welfare protocols approved by Montana Fish, Wildlife and Parks (IACUC # FWP13-2018).
Approximately 40% of the 1,247 km2 elk population’s summer range was impacted by the Rice
Ridge Fire which started due to a lightning strike on July 24, 2017 and continued to burn through
September 7, 2017. The approximately 623 km2 mixed-severity fire included approximately 46%
low severity and 54% high severity burns (Figure 1b).
Prefire forest communities were dominated by Rocky Mountain Subalpine Dry-Mesic
Spruce-Fir Forest and Woodland, further referred to as mesic forests, with the dominate conifers
being Engelmann spruce (Picea engelmannii) and subalpine fir (Abies lasiocarpa). Rocky
Mountain Dry-Mesic Montane Mixed Conifer Forest, further referred to as dry forests, also made
up a large portion of the study area, and these forests were dominated by lodgepole pine (Pinus
6

contorta), western larch (Larix occidentalis), Douglas-fir (Pseudotsuga menziesii), and
ponderosa pine (Pinus ponderosa). Within the summer range, mesic and dry forests comprised
71.5% of the landscape where 53%, 21%, and 26% were classified as unburned, low severity,
and high severity, respectively (Appendix S1; Table S1.2). The habitats at lower elevation
include irrigated agriculture, cattle grazed pastures, riparian areas, deciduous shrublands, and
montane grasslands dominated by bluebunch wheatgrass (Pseudoroegneria spicata), rough
fescue (Festuca campestris), or Idaho fescue (Festuca idahoensis). Elevation ranged from 1150
m to 2600 m with varied topography including flat bottomland, foothills, and steep and rugged
mountain slopes. Annual precipitation ranged from 380 mm in valley bottoms to 1500 mm in the
mountains with most precipitation falling as snow in the winter, and mean temperatures for July
and January were 17.22 and -6.1C, respectively (Prism Climate Group).
Data for this study was collected during normal precipitation and temperature conditions
for the study area compared to 30-year normals. Mean summer precipitation (May-August) for
2019, 2020, and the 30-year normal are 51.9 mm (SD = 12.17 mm), 65.43 mm (SD = 10.94
mm), 56.56 mm (SD = 11.84 mm), respectively. Mean summer temperatures for 2019, 2020, and
the 30-year normal are 12.42oC (SD = 1.07oC), 12.41oC (SD = 0.98oC), 12.37oC (SD = 1.26oC),
respectively.
Overview
We developed a landscape nutrition model predicting forage quality and quantity within
the BC elk population summer range following similar methods as Proffitt et al. (2016, 2019).
First, fecal samples were collected and DNA metabarcoding was used to determine the primary
summer forage species (Species from Feces-Bat Ecology and Genetics Lab, Northern Arizona
University, Flagstaff, AZ, USA, Appendix S2). Next, we sampled vegetation across a gradient of
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fire severity and vegetation types to estimate forage quality and quantity. All sampling was
conducted from May-August of 2019 and 2020, years two and three postfire. Finally, we
developed summer landscape nutrition models that predicted forage quality and quantity as a
function of spatial and temporal covariates. To understand the effects of variable fire conditions,
we used the summer range boundary to estimate the availability of forage quality, herbaceous
forage biomass, and shrub forage biomass available to elk within four different fire severity
scenarios.
Vegetation sampling sites
We selected vegetation sampling sites based on a generalized random tessellation
stratified sampling approach (Stevens and Olsen 2004) within six vegetation cover types of
interest to elk. Our land cover model was developed using pre-fire vegetation types based on
multiple land cover products (Appendix S1). Fire severity and extent for the Rice Ridge Wildfire
was determined using the Rapid Assessment of Vegetation Condition after Wildfire product
(RAVG, https://fsapps.nwcg.gov/ravg/; Appendix S1). The six vegetation cover types included
conifer dominated mesic forest types (dominated by subalpine fir and Engelmann spruce) and
conifer dominated dry forest types (dominated by lodgepole pine, ponderosa pine, Douglas fir,
and western larch) each with three fire severity categories (unburned, low severity, and high
severity). We focused our summer sampling on mesic and dry forests as they comprise greater
than 70% of the vegetation cover types found within the elk population’s summer range. We
additionally sampled five other vegetation cover types not impacted by fire, in August only,
which comprised approximately 18% of the summer range (Appendix S5).
At each vegetation sampling site, we set a 40 m transect along the contour of the slope.
To estimate forage quality, at the 0, 10, 20, 30, and 40 m marks, we recorded species
8

composition within a 1 m2 quadrat. For each species, we recorded independent percent cover
estimates and recorded phenology as emergent, flowering, fruiting, mature seed, or senescent
based on the dominant phases at the sampling site. To estimate forage quantity, we embedded a
0.5 m2 clip plot within the 1 m2 quadrat at the 0, 20, and 40 m mark. We clipped all graminoids
and forbs between 1-2 cm from the ground, and for shrubs, we clipped all leaves and soft-green
stems below the 2 m mark and placed each lifeform in a separate bag. We collected all live and
senesced vegetation; however, we did not include previous years’ litter. We dried samples from
the clip plots at 55oC for 36 hours and then measured weight.
Estimating forage quality and quantity
To estimate species specific forage quality, we collected forage species that were
identified from the summer diet analysis in each of the phenological stages to determine dry
matter digestibility (DMD) using sequential detergent fiber analysis (Van Soest 1982, Robbins et
al. 1987a, b). We calculated digestible energy (DE), measured as kcal per gram of forage, from
DMD (Cook et al. 2016, Appendix S3). We collected five individual plants of the same speciesphenological stage and combined them into one composite forage sample. Composite forage
samples included both leaves and stems as well as flowers and fruits when present. We dried
samples within 10 hours of collection at 55oC for 36 hours and sent samples to the Wildlife
Habitat and Nutrition Laboratory (Pullman, WA, USA). Because of low composite forage
sample sizes, we sought to also use previously reported DE values from a nearby study area in
the Bitterroot Valley in west-central Montana (Proffitt et al. 2016, 2019). To determine if it was
appropriate to use samples from outside the study area, we cross checked for differences in DE
between study area and phenological stage using a simple ANOVA (Appendix S3).
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To estimate site level forage quality, we filtered our species composition to summer
forage species within each sampling site quadrat. Then, we took the forage species percent cover
and divided it proportionally amongst the recorded phenological stages. We calculated the mean
DE of the quadrat by multiplying these proportions by the phenological stage specific DE and
summed. We averaged the five quadrats to get the sampling site’s mean DE (Appendix S3).
To estimate site level forage quantity (g/m2), further referred to as forage biomass or
quantity, we distributed the clip plot’s recorded dry weight for each lifeform (i.e., forb,
graminoid, shrub) proportionally amongst the species based on rescaled percent cover. Next, we
filtered to forage species, and summed the biomass for each lifeform. We combined graminoid
and forb forage biomass together to form herbaceous forage biomass. We then averaged biomass
across the three clip plots and scaled up to square meters (Appendix S3).
Because ocular estimates of percent cover for each species may vary from actual
biomass, our results for forage quality and quantity should be interpreted as relative between fire
severity classes rather than absolute.
Landscape modeling
We developed summer landscape nutrition models that predicted forage quality using
linear models and forage quantity using zero-inflated negative binomial models (ZINB) as a
function of spatial and temporal covariates. We modeled dry and mesic forests separately to
understand the unique factors that impact nutrition within each forest type (Diaz et al. 1998,
Hollingsworth et al. 2013). Additionally, we separately modeled herbaceous and shrub forage
biomass to understand the distinct drivers that influence the amount of forage based on lifeform.
Spatial covariates evaluated to predict forage quality and quantity included fire severity
(unburned, low severity, and high severity), aspect, percent tree canopy cover, compound
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topography index, distance to unburned patch, elevation, patch size, and solar radiation.
Temporal covariates included precipitation and week (Appendix S4). We standardized
continuous covariates by subtracting their mean and dividing by their standard deviation and we
assumed covariates were measured without error. We screened covariates for collinearity, and
we only included covariates with a Pearson’s correlation coefficient < 0.6.
We hypothesized that the effect of patch size and distance to unburned patches on forage
quality and quantity would differ based on fire severity. Therefore, we included interaction terms
to understand the effect of fire severity on patch size and distance to unburned patches
(Heinselman 1981, Turner et al. 1997). We also included an interaction term between elevation
and week to account for the progression of vegetation emergence at higher elevations across the
summer season. We converted our quantity measurements to an integer by multiplying by 100 to
meet the assumptions of zero-inflated negative binomial models. Our primary goal was to
determine which combination of the spatial and temporal covariates best predicted DE,
herbaceous forage biomass, and shrub forage biomass in each of the forest types. We considered
all subsets of plausible covariates and selected the most parsimonious model using AICc. For
forage quality we used R2 values from the top models to assess goodness of fit, and for forage
quantity we used posterior predictive checks to assess predictive capability.
From the top forage quality models, we assessed the effects of covariates based on the
sign and magnitude of standardized coefficient estimates, and we compared prediction estimates
for fire severities by holding all other covariates at their mean value. From the top forage
quantity models, we back transformed coefficient estimates by exponentiating the value and
compared the effects of fire severity by holding all other covariates at their average levels.
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Phenological differences between fire severities
To evaluate if vegetation in the burn was in earlier phenological stages throughout the
summer, we tested for differences in phenological stage between fire severity categories using a
Poisson regression. We developed a vegetation sampling site level phenological metric for forb,
graminoid, and shrub forage species as our response variable. At each vegetation sampling site,
we multiplied the proportion of each species in each phenological stage by the ordinal value for
each phenological stage (1 for emergent to 5 for senescent) and then averaged across forage
species within each lifeform for each site. We included an interaction term between fire severity
(unburned, low severity, and high severity) and month (May, June, July, and August) as a
predictor variable. If phenology differed between fire severity categories, we would expect 95%
confidence intervals of fire severity coefficients to not overlap within each month.
Predicted landscape level differences between fire severities
To investigate potential effects of fire severity on the nutritional landscape, we used the
unstandardized coefficient estimates from the top landscape nutrition models to predict forage
quality and quantity within the Rice Ridge fire perimeter across four fire severity scenarios: 1) an
unburned landscape, 2) a landscape burned completely by a low severity fire, 3) a landscape
burned completely by a high severity fire, and 4) the observed landscape impacted by mixed
severity fire. For each of the four predicted fire severity scenarios, we calculated the area (km2)
and percent of the BC elk population’s summer range within mesic and dry forests that meets the
nutritional requirements for lactating female elk throughout the summer based on studies
performed by Cook et al. (2004, 2016). We classified adequate nutrition as > 2.75 kcal/g and
inadequate nutrition as < 2.74 kcal/g. For herbaceous and shrub forage biomass we calculated the
mean kg/ha within mesic and dry forests for each predicted landscape throughout the summer.
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Results
Vegetation sampling sites
We collected 18 composite pellet samples for the summer, and we identified a total of 21
taxa as summer forage (Appendix S2). The summer diet was comprised of 10 forb, 7 shrub, and
4 graminoid taxa. The most common diet species within each of the respective lifeforms was
fireweed (Chamerion angustifolium), huckleberry (Vaccinium sp.), and sedge (Carex sp). We
sampled a total of 682 vegetation sampling sites within 353 mesic forest sites (102 unburned,
113 low severity, and 138 high severity) and 329 dry forests sites (98 unburned, 105 low
severity, 126 high severity). The most common forage taxa at a vegetation sampling site varied
within mesic and dry forests and fire severity (Figure 2).
Estimating forage quality and quantity
Median summer DE from the vegetation sampling sites was 3.00 kcal/g (25 – 75% quantiles:
2.65 – 3.22) and varied by fire severity, vegetation cover type, and month (Figure 3). Median DE
for both dry and mesic forests burned by low severity (3.04 and 3.03 kcal/g, respectively) and
high severity (2.98 and 2.91 kcal/g, respectively) was higher compared to unburned forests (2.75
and 2.59 kcal/g, respectively).
Median summer herbaceous and shrub forage biomass from the vegetation plot sampling
was 7.96 g/m2 (25 - 75% quantiles: 0.2 – 27.21) and 0.00 g/m2 (25 – 75% quantiles: 0.00 – 5.66),
respectively, and varied based on fire severity, vegetation cover type, and month (Figure 4).
Median herbaceous forage biomass for both dry and mesic forests burned by low severity (21.4
and 12.5 g/m2, respectively) and high severity (9.89 and 7.83 g/m2, respectively) was higher
compared to unburned forests (2.93 and 0.00 g/m2, respectively). Median shrub forage biomass
for both dry and mesic forests was higher in unburned forests (7.15 and 6.06 g/m2, respectively)
compared to forests burned by both low and high severity (0.00 g/m2 for all burned forests).
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Landscape Modeling
Within dry forests, the top model predicting forage quality included the covariates fire
severity, percent tree canopy cover, slope, solar radiation, and the interaction of week and
elevation (r2adj = 0.16; Table 1). Forage quality in low and high severity forests was 7.9% (95%
CI: 2.9 - 12.6%) and 7.6% (2.1 - 12.9%) higher than unburned forests, respectively. There was
no difference in forage quality between low and high severity burned forests, as confidence
intervals between fire severities overlapped. Digestible energy decreased by 2.2% (95% CI: 0.1 4.5%) for every standard deviation increase in percent tree canopy cover, decreased by 2.2%
(95% CI: 0.5 - 4%) for every standard deviation increase in solar radiation, and increased by
3.9% (95% CI: 2.2 - 6.1%) for every standard deviation increase in slope. In May, DE decreased
by 6.5% (95% CI: 4.3 – 9.0%) for every standard deviation increase in elevation, but as time
progressed, DE increased with elevation by 2.2% (95% CI: 0.4 – 4%).
Within mesic forests, the top model predicting forage quality included the covariates fire
severity, monthly precipitation, and the interaction term of week and elevation and their main
effects (r2adj = 0.21; Table 1). Forage quality in low severity forests was 16.3% (95% CI: 11.8 –
20.1%) greater than unburned forests, and forage quality in high severity forests was 14.1%
(95% CI: 9.5 – 18.3 %) greater than unburned forests. Low severity burned mesic forests trended
to have 2% greater forage quality compared to high severity mesic forests, however, confidence
intervals between fire severities overlapped. Digestible energy increased by 2.3% (95% CI: 0.4 –
4.2%) for every standard deviation increase in precipitation. Digestible energy within mesic
forests in May decreased by 6.1% (95% CI: 3.8 - 8%) for every standard deviation increase in
elevation, but as the time progressed, DE increased with increasing elevation by 3.4% (95% CI:
1.3 – 5.7%).
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Within dry forests, the top model predicting the presence/absence of herbaceous forage
biomass (the zero inflated part of the model) included fire severity and elevation (Table 2). The
odds of low severity and high severity forests having no herbaceous forage biomass were 93%
(95% CI: 72 – 98%) and 65% (95% CI: 19 – 85%) lower than unburned forests, respectively.
The covariates predicting the amount of herbaceous forage biomass (the negative binomial part
of the model) included fire severity, elevation, and week (Table 2). Low severity and high
severity forests had 179% (95% CI: 98 – 291%) and 145% (95% CI: 72 – 250%) greater
herbaceous forage biomass compared to unburned forests, respectively. There was no significant
difference in predicting the presence/absence or amount of herbaceous forage biomass between
low severity and high severity burned forests as the confidence intervals widely overlapped.
Within mesic forests, the top model predicting the presence/absence of herbaceous forage
biomass included fire severity and elevation (Table 2). There was 94% (95% CI: 87 – 98%) and
85% (95% CI: 70 – 93%) lower odds of low severity and high severity burned forests having no
herbaceous forage biomass compared to unburned forests, respectively. The covariates predicting
the amount of herbaceous forage biomass included fire severity, aspect, percent tree canopy
cover, elevation, and the interaction term of week and elevation (Table 2). Low severity and high
severity burned forests had 160% (95% CI: 58 – 327%) and 124% (95% CI: 28 – 294%) greater
herbaceous forage biomass compared to unburned forests. There was no significant difference in
predicting the presence/absence or amount of herbaceous forage biomass between low severity
and high severity forests as the confidence intervals widely overlapped.
Within dry forests, the top model predicting the presence/absence of shrub forage
biomass included fire severity, percent tree canopy cover, elevation, and weekly precipitation
(Table 2). The odds that low severity and high severity forests had no shrub forage biomass was
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161% (95% CI: 28 – 431%) and 131% (95% CI: 2 – 422%) greater than unburned forests,
respectively. The covariates predicting the amount of shrub forage biomass included fire
severity, percent tree canopy cover, elevation, and slope (Table 2). Low severity and high
severity forests had 51% (95% CI: 28 - 67%) and 62% (95% CI: 39 - 77%) lower shrub forage
biomass compared to unburned forests, respectively. There was no significant difference in
predicting the presence/absence or amount of shrub forage biomass between low severity and
high severity forests as the confidence intervals widely overlapped.
Within mesic forests, the top model predicting the presence/absence of shrub forage
biomass included fire severity and week (Table 2). The odds that low severity and high severity
forests had no shrub forage biomass was 572% (95% CI: 262 – 1148%) and 993% (95% CI: 489
– 1927%) greater compared to unburned forests, respectively. The covariates predicting the
amount of shrub forage biomass included fire severity, elevation, and week (Table 2). Low
severity and high severity forests had 35% (95% CI: 6 – 55%) and 72% (95% CI: 59 – 81%)
lower shrub forage biomass compared to unburned forests, respectively. There was a significant
difference in the amount of shrub forage biomass between low and high severity burned forests
where low severity burned forests had approximately 57% more shrub forage biomass compared
to high severity burned forests.
Phenological differences between fire severities
There were minimal differences in phenology between fire severity categories in May
and June for forage species in each lifeform (Figure 5). In July, low and high severity burned
forests were in significantly earlier phenological stages compared to unburned forests for each
lifeform, suggesting that forage species were continuing to emerge in July in burned forests.
Approximately 10-20% more burned sampling sites were classified as having early phenology
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(emergent and flowering) compared to unburned sampling sites in July (Table 3). In August,
phenological differences varied as a function of lifeform and fire severity (Figure 5). For forbs,
unburned forests had an earlier phenological stage compared to low and high severity burned
forests. Unburned sampling sites had approximately 39% and 48% more sampling sites with
forbs classified as early phenology compared to low and high severity burned forests,
respectively (Table 3). For graminoids and shrubs in August, low and high severity burned
forests had significantly earlier phenological stages compared to unburned forests.
Approximately 12-19% more burned sampling sites were classified as early phenology compared
to unburned sites (Table 3).
Predicted Landscape Level Differences Between Fire Severities
The percent of the summer range with adequate DE varied based on month and fire
severity scenario (Figure 6). For the observed mixed severity, low severity, and high severity
predicted scenarios, percent adequate DE generally increased during summer and did not vary
substantially between the three fire severity scenarios. In general, approximately half of the
landscape had adequate DE throughout the summer for each of the predicted fire severity
scenarios. For the unburned scenario, the majority of the landscape provided inadequate DE. For
the unburned predicted landscape, percent adequate DE was substantially lower compared to the
three predicted burned landscape scenarios, and the percent of adequate DE across the summer
range decreased from month to month. For example, the unburned landscape had 18%, 24%,
29%, and 36% less of the landscape with adequate DE compared to the landscape burned with
the observed mixed-severity conditions from May – August, respectively (Figure 7). The low
severity landscape had 2.9%, 4.3%, 5.0%, and 0.2% more of the landscape with adequate DE
compared to a high severity landscape in May, June, July, and August, respectively.
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The mean kg/ha of herbaceous and shrub forage biomass within dry and mesic forests in
the summer range increased throughout the summer and varied based on fire severity scenario
(Figure 6). Herbaceous forage biomass did not substantially vary across the observed mixed
severity, low severity, and high severity predicted landscapes but was substantially lower across
each month for the unburned landscape. For example, the observed mixed severity predicted
landscape compared to the unburned predicted landscape had 66%, 68%, 41%, and 42% more
herbaceous forage biomass (kg/ha) in May, June, July, and August, respectively. The low
severity predicted landscape had approximately 10% more herbaceous forage biomass compared
to a high severity predicted landscape at each time step. Shrub forage biomass for each of the
four predicted landscapes was highest in the unburned landscape, and greater in the low severity
predicted landscape compared to the high severity predicted landscape. The low severity
predicted landscape had approximately 17%, 15%, 22%, and 24% greater shrub forage biomass
compared to a high severity predicted landscape in May, June, July, and August, respectively.
Discussion
Our results add to the growing body of literature showing how wildfire affects summer
nutritional resources for elk in coniferous forests. Fire severity is a main component of wildfire,
and our study is the first to address the effects of fire severity on elk nutritional resources at a
landscape level scale. Our results highlight that in years two and three after a large-scale
wildfire, forage quality and quantity changed during the summer as a function of landscape
characteristics and vegetation cover types. We found that fire improved forage quality regardless
of fire severity, and that fire severity had variable effects on forage quantity dependent upon
forage type and forest type. Fire, in conjunction with spatiotemporal factors, potentially altered
the availability and distribution of forage to elk by extending the duration in which elk could
access high quality forage throughout the summer. These results have strong implications for
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management, as changes in the nutritional landscape could potentially lead to changes in female
elk body condition, demography, and distributions.
Our results supported our hypothesis that fire improved forage quality in both mesic and
dry forests in years two and three postfire, but we did not find evidence that there was a
significant difference in forage quality between low and high severity burned forests. Higher
forage quality within burned forests may be explained by the high ratio of highly palatable
herbaceous forage to less palatable shrubs within both low and high severity burned forests
compared to unburned forest (Cook et al. 1994, Merrill et al. 1980, Robbins et al. 1987, Sachro
et al. 2005). Within fire severity classes, low severity burns tended to have higher forage quality
compared to high severity burns, but they did not differ significantly. This result is likely due to
the overall high proportion of low and high severity burned vegetation sampling sites that
contained fireweed, an important forage species that rapidly establishes and spreads postfire due
to its airborne seeds and rhizomatic nature. Thus, our results predict that fire overall improved
forage quality regardless of fire severity. The observed trend of higher forage quality in
herbaceous forage compared to shrub forage in this study may differ in other areas across the
western United States (Cook et al. 2016). Differences in forage quality based on lifeform are
likely due to variation in plant species found within elk diets and study areas as well as site level
differences.
We found that fire severity variably impacted forage quantity dependent upon forest and
forage type. Our results supported our hypothesis that herbaceous forage biomass would be
greater in burned compared to unburned forests, but we did not find evidence that there was a
significant difference in herbaceous forage biomass between fire severities. Herbaceous forage
biomass was likely greater in burned forests due to the removal of woody vegetation in the

19

understory and opening of the canopy. The lack of significant difference in herbaceous forage
biomass between high and low severity burns was likely due to the high proportion of vegetation
sampling sites that contained fireweed.
Our results supported our hypothesis that in years two and three after the wildfire, shrub
forage biomass would be greater in unburned forests, and we found evidence to support our
hypothesis that shrub forage biomass would differ based on fire severity. For mesic but not dry
forests, shrub forage biomass was significantly greater in areas burned at low severity compared
to high severity. Fire shifts plant communities to early successional stages, and post-fire
vegetation regeneration is linked to fire severity (Turner et al. 1997, 1999, Hollingsworth et al.
2013). Fire severity drives post-fire plant communities by variably impacting plant survival via
the extent of damage to pre-established vegetation (Roberts 2004). Additionally, severity
influences recruitment of new individuals by affecting propagule availability and site-specific
conditions that influence germination and establishment (Stickney 1990, Roberts 2004). Shortly
after a wildfire, shrub growth in high severity burns is limited to new sprouts, whereas in low
severity burns, shrubs also resprout from surviving individuals, a possible explanation for
differences in shrub forage biomass between low and high severity burns in mesic forests
(Roberts 2004). However, herbaceous forage makes up a larger proportion of the elk
population’s summer diet, therefore, areas with greater shrub forage biomass may not incentivize
elk occupancy as compared to other areas with greater herbaceous forage biomass (Proffitt et al.
2019).
At the landscape level scale, we found that a large-scale wildfire improved the amount
and duration of nutritional resources available to elk throughout the summer shortly after a fire.
The unburned landscape scenario predicted the lowest overall percent of the summer range with

20

adequate forage quality, which declined throughout the summer. The three burned landscape
scenarios (completely burned at low or high severity, and the observed mixed-severity fire
regime) had a higher predicted percent of the summer range with adequate forage quality, and an
increase in the availability of adequate forage quality throughout the summer. We propose two
possible mechanisms to explain why forage quality is higher and why the availability of adequate
forage quality increases throughout the summer in burned landscapes. First, high DE in burned
areas in the early summer decreased throughout the summer but did not decline to inadequate
levels. In combination with this effect, vegetation emerged at higher elevational areas in late
summer which resulted in a net gain of the percent of the summer range with adequate forage
quality. On the contrary, in a completely unburned landscape, the areas with adequate DE in the
early summer declined to inadequate levels. The addition of high elevation areas with adequate
DE in the late summer were not enough to offset the decline at lower elevations, which led to a
net loss in the availability of adequate DE.
A second mechanism to explain this pattern is that in the late summer, vegetation in
burned areas was generally in earlier phenological stages. This trend suggests that vegetation
continued to emerge in burned forests throughout the summer, providing highly palatable and
nutritious young plant tissue. These findings differ from previous research that suggested
vegetation in prescribed burned forests would senesce earlier because of the reduction in canopy
cover, resulting in lower quality forage in burned forests in the late summer (Long et al. 2008). A
possible reason for this variation between studies is that prescribed burn effects on nutritional
resources for elk differ from wildfires (Proffitt et al. 2019). Prescribed fires typically have
reduced severity, smaller extent, and occur at different times of the year compared to large-scale
wildfires (Ryan et al. 2013). Generally, prescribed burned forests have intact seedbanks and
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nearby propagule refuge areas leading to no delay in vegetation emerging. Comparatively, largescale wildfires burn at a higher fire severity and larger extent (Ryan et al. 2013). Shortly after a
wildfire, factors influencing germination such as season of burn (Ooi 2010), reduced propagule
availability (Stickney 1990, Turner et al. 1997, Roberts 2004), and changed soil characteristics
(Certini 2005) lead to variable rates and patterns of vegetation emergence. Meanwhile, forage in
unburned forests emerges in spring and then transitions to later phenological stages which are
frequently more fibrous and less digestible (Van Soest 1982).
In contrast to the general phenological patterns in our study, we found that forb forage
species were in later phenological stages in burned compared to unburned forests in August. The
trend of forbs in burned areas having later phenological stages in August is likely explained by
fireweed, which begins to fruit and transition into the mature seed stage. Yet, this pattern still
contributes to adequate forage quality in burned forests in August because the average digestible
energy of fireweed in the fruiting through mature seed stage is > 2.75 kcal/g (Proffitt et al. 2016,
2019). Therefore, it is important to consider species- and phenophase-specific digestible energy,
species composition, and site level phenology when associating broad phenological trends to
ungulate nutrition (Stewart et al. 2006). Our results suggest that fire extended the availability of
high-quality forage through multiple mechanisms into late summer when high-quality forage in
unburned forests began to wane.
For elk, the late summer and early fall is typically more nutritionally limited compared to
the early summer. Our results suggest that a landscape recently impacted by a large-scale
wildfire may not have a nutritionally limited late summer (August) which could have strong
implications for the nutritional condition of lactating female elk. The highest energetic demands
for female elk are incurred from late spring to mid-summer when lactation occurs, and when elk
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look to recoup body fat stores lost during the previous winter (Cook et al. 2004). Cook et al.
(2004) found that body fat percentages of lactating females were 50% less than non-lactating
females during this period. If nutritional resources are inadequate during the late summer and
early fall, reproductive pauses may occur if body fat levels are low, but if there is adequate
forage quality during this period, lactating females can regain fat reserves, reach fat levels
similar to non-lactating females, and, therefore, reproduce (Cook et al. 2004, Proffitt et al. 2016).
Thus, the extended availability of high-quality forage into late summer in a burned landscape
could positively impact female elk body condition and pregnancy rates.
Although we found that wildfire improved nutritional resource availability in our study
area, acquisition of nutritional resources may vary based on a function of risk (Hebblewhite et al.
2009, Middleton et al. 2013, DeVoe et al. 2019). Elk require variable habitats for foraging and
security cover and requirements are inherently tied back to pressures and stressors that exist on a
seasonal basis. Wildfires alter the structural characteristics and distribution of these required
habitats which could lead elk to alter their use, and therefore distributions, across the landscape
(Pulliam 2000). For example, recently after a fire, high severity burned forests were found to
have high forage quality in our study area, but the removal of vertical vegetative structure could
lead to increased horizontal visibility. Thus, elk vulnerability to predation and human harvest
may be higher in high severity burned forests dependent upon predation strategy and season
(Greene et al. 2012). In response, elk may alter their behavior and avoid high-risk areas
(Hebblewhite and Merrill 2009, Spitz et al. 2018, Devoe et al. 2019). Therefore, changes in the
dispersion and availability of both nutritional and security resources are likely to impact elk
distributions and acquisition of nutritional resources dependent upon perceived risk.
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Large-scale wildfires are becoming increasingly common, and future research is needed
to inform wildlife management decisions in the face of disturbances. Our results showed limited
differences in nutritional resources between low and high severity forests shortly after a wildfire.
However, burned areas will likely move through successional stages at varying paces, potentially
causing more stark differences in nutritional resources between fire severity categories at a later
point in time (Turner et al. 1999). Additionally, site specific variation and climate change will
potentially influence the effects of fire severity on forage quality and quantity for elk. For
example, high severity burned dry forests that experience sustained hot and dry conditions
postfire could see forests transitioning to grasslands or shrublands (Donato et al. 2016, StevensRumann et al. 2018). Further research is needed to understand the effects of fire severity on
forage quality and quantity for elk at varying time steps post disturbance and in areas with
different climatic conditions.
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Tables
Table 1. Standardized coefficient estimates and standard errors for the top models predicting
summer forage quality in each of the forest types in the Blackfoot-Clearwater elk summer range
in west-central Montana from 2019-2020. Bold face values denote 95% CI not containing 0.
Effects of fire severity in dry and mesic forests are in relation to the reference unburned forest
(intercept).
Covariate
Intercept
Low Severity
High Severity
Elevation
Week
Week*Elevation
Slope
Canopy Cover
Solar Radiation
Monthly Precip
Weekly Precip
Aspect
CTI
Patch Size*Fire
Severity
Summer Precip
R^2

Dry Forests

Mesic Forests

2.77 (0.052)
0.22 (0.067)
0.21 (0.077)
-0.18 (0.033)
0.002 (0.025)
0.061 (0.027)
0.11 (0.027)
-0.064 (0.031)
-0.060 (0.024)
-----

2.63 (0.046)
0.43 (0.062)
0.37 (0.060)
-0.16 (0.028)
-0.025 (0.03)
0.093 (0.03)
---0.061(0.025)
----

--

--

-0.16

-0.21
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Table 2. Standardized coefficient estimates and standard errors for the top models predicting
summer herbaceous and shrub forage biomass within dry and mesic forests in the BlackfootClearwater elk summer range in west-central Montana from 2019-2020. “NB” refers to the
negative binomial part of the model that estimates the amount of biomass and “ZI” refers to the
zero inflated part of the model that estimates the presences or absence of biomass. Boldface
values denote 95% CI not containing zero. Effects of fire severity are in relation to the reference
unburned forest (intercept).
Herbaceous Biomass

NB

ZI

Covariate
Intercept
Low Severity
High Severity
Canopy
Elevation
Slope
Week
Week*Elevation
Aspect
CTI
Patch Size*Fire Severity
Monthly Precipitation
Weekly Precipitation
Solar Radiation
Summer Precipitation
Intercept
Low Severity
High Severity
Canopy
Elevation
Weekly Precipitation
Week
Slope
Week*Elevation
CTI
Aspect
Patch Size*Fire Severity
Monthly Precipitation
Solar Radiation
Summer Precipitation

Shrub Biomass

Dry Forest

Mesic Forest

Dry Forest

Mesic Forest

7.077 (0.14)
1.02 (0.17)
0.90 (0.17)
--0.24 (0.086)
-0.35 (0.068)
---------0.99 (0.27)
-2.62 (0.69)
-1.04 (0.42)
-0.83 (0.21)
-----------

7.34 (0.22)
0.95 (0.25)
0.81 (0.29)
-0.25 (0.12)
-0.35 (0.10)
-0.53 (0.10)
0.32 (0.13)
0.25 (0.098)
------0.11 (0.24)
-2.89 (0.42)
-1.91 (0.35)
1.32 (0.19)
-----------

7.37 (0.16)
-0.72 (0.20)
-0.98 (0.25)
0.034 (0.11)
0.21 (0.11)
-0.24 (0.10)
----------0.57 (0.30)
0.96 (0.36)
0.84 (0.42)
-0.35 (0.18)
0.41 (0.14)
-0.27 (0.12)
----------

7.26 (0.11)
-0.43 (0.19)
-1.29 (0.20)
-0.31 (0.077)
-0.49 (0.095)
---------1.40 (0.25)
1.90 (0.32)
2.39 (0.32)
----0.27 (0.13)
---------
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Table 3. Percent of sampling sites in unburned, low severity, and high severity burned forests
classified as having early phenology (emergent and flowering) in July and August for each plant
lifeform in the Blackfoot-Clearwater elk summer range in west-central Montana from 20192020.
Fire Severity

Forb

Unburned
Low Severity
High Severity

88.90%
98.50%
98.10%

July Phenology
Graminoid Shrub

August Phenology
Forb
Graminoid Shrub

75.60% 79.30% 96.80%
87.50% 89.10% 57.80%
90.00% 97.80% 48.10%

32

71.40% 65.00%
90.30% 81.60%
83.30% 82.20%

Figures

Figure 1. The Blackfoot-Clearwater elk population summer range and the perimeter of the Rice
Ridge Wildfire located in the Ovando – Seeley Lake area of west-central Montana, USA (panel a),
and the fire severity burn pattern from the wildfire (panel b).
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Figure 2. Proportion of vegetation sampling plots containing each forage species within
each fire severity category in dry and mesic forests in the Blackfoot-Clearwater elk
summer range in west-central Montana from 2019-2020.
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1Figure 3. Median digestible energy measured within each vegetation cover class and month from the

vegetation sampling sites (focused on summer forage species) in the Blackfoot-Clearwater elk summer
range in west-central Montana from 2019-2020. The median is represented by the horizontal lines
through the boxes, the interquartile range (IQR) is represented by the length of the box, 1.5x the IQR is
represented by the whiskers, outliers >1.5x IQR are represented by the points outside of the whiskers.
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2

Figure 4. Summer median herbaceous and shrub forage biomass (g/m2) measured within each
vegetation cover class and month (focused on the summer forage species) in the BlackfootClearwater elk summer range in west-central Montana from 2019-2020. The median is
represented by the horizontal lines through the boxes, the interquartile range (IQR) is represented
by the length of the box, 1.5x the IQR is represented by the whiskers, outliers >1.5x IQR are
represented by the points outside of the whiskers.
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Figure 5. Exponentiated coefficients and 95% confidence intervals for estimating site level
phenological stage for forb (panel a), graminoid (panel b), and shrub (panel c) forage species as a
function of fire severity and month for the Blackfoot-Clearwater elk population’s summer range
in west-central Montana. Anything above 1 is a later phenological stage and anything closer to or
below 1 is an earlier phenological stage. The intercept is unburned forests in May and “Un”,
“Low”, and “High” represent unburned forests, low severity burned forests, and high severity
burned forests, respectively.
3
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4

Figure 6. The average kg/ha per month for herbaceous forage biomass (panel a) and
shrub forage biomass (panel b) within the summer range of the four predicted landscape
scenarios in the Blackfoot-Clearwater elk population’s summer range. Panel “c” shows
the percent of the Blackfoot-Clearwater elk population’s summer range within the four
fire scenarios that meets the threshold of >2.75 kcal/g of forage to be considered
adequate for each month.
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Figure 7. Digestible energy predicted onto the observed mixed severity landscape and the
unburned fire scenario for May and August for the Blackfoot-Clearwater elk population summer
range in west-central Montana using the top forage quality model. The percent of the landscape
that meets adequate forage quality (DE > 2.75 kcal/g) increased from May to August for the
predicted observed mixed severity landscape, but percent of the landscape with adequate forage
quality decreased in an unburned predicted landscape.
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Supplemental materials
Appendix S1. Land cover model development and accuracy assessment
Data Sources
We developed the land cover model using the 2016 Montana MSDI Land Cover
(http://geoinfo.msl.mt.gov) and the 2001 LANDFIRE Environmental Site Potential (ESP,
https://landfire.gov/esp.php) datasets to determine pre-fire vegetation type. We acquired fire
severity and extent data for the Rice Ridge Wildfire through the Rapid Assessment of Vegetation
Condition after Wildfire (RAVG, https://fsapps.nwcg.gov/ravg/) product. RAVG uses Landsat
reflectance imagery of both the prefire and postfire landscape to calculate the Relative
Differenced Normalized Burn Ratio (RdNBR). The Compound Burn Index (CBI) from RAVG
measures the combined effects of the fire on understory vegetation, midstory trees, and the
canopy to provide a standardized fire severity rating. All layers had complete coverage of the
study area and rasters had a 30m resolution.
Model Development
We reclassified the 47 pre-fire land cover classes from the MSDI data set for our study
area to include vegetation communities of interest for elk habitat (Table S1.1). Recently burned
forests, the majority of which occurred in the early 2000s, burned approximately 238 km2 across
the Blackfoot-Clearwater elk population’s summer range. Additionally, recently harvested
forests from the MSDI data set comprised 50 km2 in the elk population’s summer range. To
understand the impact of a singular large-scale wildfire on the landscape, we reclassified the
recently burned and recently harvested forests using the ESP dataset (Table S1.1). The 8
reclassified land cover classes included dry forests, mesic forests, irrigated agriculture, deciduous
forest, deciduous shrubland, riparian areas, grasslands, and non-sampling cover type. Dry mixedconifer forests were dominated by lodgepole pine (Pinus contorta), western larch (Larix
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occidentalis), Douglas-fir (Pseudotsuga menziesii), and ponderosa pine (Pinus ponderosa).
Mesic mixed-conifer forests were dominated by Engelmann spruce (Picea engelmannii) and
subalpine fir (Abies lasiocarpa).
Using the RAVG CBI product, we grouped moderate (CBI: 1.25 - < 2.25) and low
severity fires (CBI: 0.1 - < 1.25) into a single low severity classification. Low severity and high
severity fires (CBI: 2.25 – 3.0) were then integrated into the land cover models in dry and mesic
forests to develop four additional land cover classes for sampling (low severity/dry forests, high
severity/dry forests, low severity/mesic forests, high severity/mesic forests). Unburned mesic and
dry mixed-conifer forests from within and outside of the fire perimeter were also sampled. The
Rice Ridge Wildfire primarily impacted conifer forests; therefore, fire severity was not
incorporated into any other land cover classes. To understand the full extent and severity of the
fire we developed three non-sampling cover types that incorporate fire severity (unburned/nonsampling, low severity/non-sampling, high severity/non-sampling). Any of the originally
reclassified non-sampling cover types were recategorized based on fire-severity. Additionally, if
one of the reclassified non-conifer forest cover types (i.e., deciduous forest, deciduous shrubland,
etc.) were found within the fire perimeter they were reclassified into a non-sampling cover type
category based on fire severity. The final land cover model included 11 land cover classes for
sampling (Table S1.2).
Accuracy Assessment
We separately assessed the accuracy of the MSDI-ESP Land Cover model, the RAVG
fire severity model, and the final land cover model incorporating fire severity and vegetation
type. To determine accuracy for each model, we compared on the ground validated land cover
classes to the model derived classes at 780 sampling sites across the study area that were
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identified through a generalized random tessellation stratified sampling approach. Trained
technicians recorded vegetation communities and classified them into land cover type based on
the dominant vegetation found within the sampling site. Fire severity on the ground was
classified based on the amount of vegetation consumed during the fire through observations of
the vegetation response postfire (Table S1.3, Ryan and Noste 1985, Turner et al. 1994, Ryan
2002, and Keeley 2009).
We developed an error matrix each for the MSDI-ESP model (Table S1.4), RAVG model
(Table S1.5), and the final combined model (Table S1.6) to estimate overall accuracy, user’s
accuracy, and producer’s accuracy (Congalton 1991). We then estimated the Kappa statistic to
measure if the agreement is the same as chance between the model derived land cover classes
and on the ground observations.
For the MSDI-ESP model, the overall accuracy was 69.1% (Table S1.7). The user’s
accuracy ranged from a low of 27.3% in deciduous forests to a high of 100% in grasslands. For
the RAVG model, the overall accuracy was 84.1% (Table S1.8). The user’s accuracy ranged
from a low of 73.6% for low severity sites to a high of 91.6% for high severity sites. For the final
combined model, the overall accuracy was 59.4% (Table S1.9). The user’s accuracy ranged from
a low of 40.6% for riparian areas to a high of 100% for irrigated agriculture. The Kappa statistic
demonstrated moderate agreement for the final model at an estimated 0.53. Based on these
findings, we understand that there are some limitations with the final model but believe that the
higher overall accuracies of the MSDI-ESP and RAVG models provide support for accurate
predictions of the overall nutritional landscape available to elk in our study area.

42

Tables
Table S1.1. The value, area, and percent of the land cover classifications derived from 2016 Montana MSDI Land Cover dataset and
2001 LANDFIRE ESP dataset found within the Blackfoot-Clearwater elk population summer range in west-central Montana, and our
reclassification into 8 land cover categories.
Original
Source
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI
MSDI

Value
73
55
67
208
76
139
58
70
500
124
142
52
15
1
154
34
121
136
79
4
229
61
22
28
7
14
148
19
88
9
235
205
151
8
103

Summer Range
Total Area
Area
(km2)
(%)
193.44 15.51%
141.52 11.35%
108.11
8.67%
91.7
7.35%
94.75
7.60%
92.92
7.45%
33.08
2.65%
24.77
1.99%
14.49
1.16%
17.94
1.44%
15.45
1.24%
15.47
1.24%
6.41
0.51%
5.79
0.46%
15.99
1.28%
9.3
0.75%
4.8
0.39%
15.32
1.23%
16.37
1.31%
2.3
0.18%
5.91
0.47%
4.51
0.36%
9.48
0.76%
5.1
0.41%
1.63
0.13%
1.4
0.11%
1.67
0.13%
2.46
0.20%
0.39
0.03%
0.11
0.01%
0.53
0.04%
0.32
0.03%
0.29
0.02%
0.11
0.01%
0.09
0.01%

Land Cover Name Original
Rocky Mountain Subalpine Dry-Mesic Spruce-Fir Forest and Woodland
Rocky Mountain Dry-Mesic Montane Mixed Conifer Forest
Rocky Mountain Lodgepole Pine Forest
Northern Rocky Mountain Lower Montane Riparian Woodland and Shrubland
Rocky Mountain Subalpine Mesic Spruce-Fir Forest and Woodland
Rocky Mountain Lower Montane, Foothill, and Valley Grassland
Rocky Mountain Subalpine Woodland and Parkland
Rocky Mountain Ponderosa Pine Woodland and Savanna
Insect-Killed Forest
Rocky Mountain Subalpine Deciduous Shrubland
Rocky Mountain Subalpine-Upper Montane Grassland
Aspen Forest and Woodland
Other Roads
Open Water
Rocky Mountain Subalpine-Montane Mesic Meadow
Alpine Bedrock and Scree
Rocky Mountain Montane-Foothill Deciduous Shrubland
Montane Sagebrush Steppe
Rocky Mountain Montane Douglas-fir Forest and Woodland
Developed, Open Space
Alpine-Montane Wet Meadow
Rocky Mountain Mesic Montane Mixed Conifer Forest
Cultivated Crops
Rocky Mountain Cliff, Canyon and Massive Bedrock
Low Intensity Residential
Major Roads
Alpine Fell-Field
Pasture/Hay
Aspen and Mixed Conifer Forest
Commercial/Industrial
Emergent Marsh
Rocky Mountain Conifer Swamp
Alpine Turf
High Intensity Residential
Alpine Dwarf-Shrubland
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Reclassification
Mesic Forest
Dry Forest
Dry Forest
Riparian
Mesic Forest
Grassland
Mesic Forest
Dry Forest
Non-sampling
Deciduous Shrubland
Grassland
Deciduous Forest
Non-sampling
Non-sampling
Grassland
Non-sampling
Deciduous Shrubland
Non-sampling
Dry Forest
Non-sampling
Non-sampling
Mesic Forest
Irrigated Agriculture
Non-sampling
Non-sampling
Non-sampling
Non-sampling
Non-sampling
Deciduous Forest
Non-sampling
Non-sampling
Mesic Forest
Non-sampling
Non-sampling
Non-sampling

MSDI
MSDI
MSDI
MSDI
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP
ESP

238
163
133
91
1056
1045
1055
1166
1159
1046
1161
1160
31
1006
1106
1053
1011
1145
1049
1139
1140
1009
1126

0.05
0.04
0.05
1
189.3
38.66
25.37
17.55
11.68
2.13
1.15
0.99
0.37
0.35
0.62
0.53
0.06
0.21
0.26
0.1
0.09
0.01
0.01

0.00%
0.00%
0.00%
0.08%
15.18%
3.10%
2.03%
1.41%
0.94%
0.94%
0.17%
0.08%
0.03%
0.03%
0.05%
0.04%
0.00%
0.02%
0.02%
0.01%
0.01%
0.00%
0.00%

Rocky Mountain Subalpine-Montane Fen
Introduced Upland Vegetation – Annual and Biennial Forbland
Big Sagebrush Steppe
Mountain Mahogany Woodland and Shrubland
Rocky Mountain Subalpine Mesic-Wet Spruce-Fir Forest and Woodland
Northern Rocky Mountain Dry-Mesic Montane Mixed Conifer Forest
Rocky Mountain Subalpine Dry-Mesic Spruce-Fir Forest and Woodland
Middle Rocky Mountain Montane Douglas-fir Forest and Woodland
Rocky Mountain Montane Riparian Systems
Northern Rocky Mountain Subalpine Woodland and Parkland
Northern Rocky Mountain Conifer Swamp
Rocky Mountain Subalpine/Upper Montane Riparian Systems
Barren-Rock/Sand/Clay
Rocky Mountain Alpine/Montane Sparsely Vegetated Systems
Northern Rocky Mountain Montane-Foothill Deciduous Shrubland
Northern Rocky Mountain Ponderosa Pine Woodland and Savanna
Rocky Mountain Aspen Forest and Woodland
Rocky Mountain Subalpine-Montane Mesic Meadow
Rocky Mountain Foothill Limber Pine-Juniper Woodland
Northern Rocky Mountain Lower Montane-Foothill-Valley Grassland
Northern Rocky Mountain Subalpine-Upper Montane Grassland
Northwestern Great Plains Aspen Forest and Parkland
Inter-Mountain Basins Montane Sagebrush Steppe
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Non-sampling
Non-sampling
Non-sampling
Deciduous Shrubland
Mesic Forest
Dry Forest
Mesic Forest
Dry Forest
Riparian
Mesic Forest
Mesic Forest
Riparian
Non-sampling
Non-sampling
Deciduous Shrubland
Dry Forest
Deciduous Forest
Grassland
Dry Forest
Grassland
Grassland
Deciduous Forest
Non-sampling

Table S1.2. The area and percentage of the 14 land cover categories within the BlackfootClearwater elk population summer range in west-central Montana. Unburned, low, and high
represent fire severity. Mesic and dry represent forest type.
Summer Range
Area (km2)
Area (%)
260.69
20.90
216.06
17.32
151.84
12.17
131.50
10.54
109.19
8.75
86.36
6.92
76.64
6.14
54.03
4.33
55.17
4.42
37.74
3.03
36.42
2.92
13.68
1.10
8.50
0.68
9.48
0.76

Sampling Landcover Classes
Unburned/Mesic
Unburned/Dry
High/Mesic
Low/Mesic
Grassland
Riparian
High/Dry
Unburned-Not sampled
Low/Dry
Low-Not Sampled
High-Not Sampled
Deciduous Shrubland
Deciduous Forest
Irrigated Agriculture

Table S1.2. Classes and descriptions of vegetation response to burn severity used to
classify burn severity at vegetation sampling sites within the Blackfoot-Clearwater elk
population summer range in west-central Montana
Burn Severity
Class
Unburned

Description
No sign of fire effects from the last 15 years; Plant parts
are green and unaltered

Canopy trees are mostly alive and have green needles
although the stems are scorched; Surface litter and
Low severity understory vegetation is charred or consumed; Organic
soil layer is largely intact, though burned in small
patches
Canopy trees are killed, and needles are consumed;
High severity Surface litter, understory vegetation, and the organic
soil layer are consumed
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Table S1.4. Error matrix representing the number of sampling sites assigned to each MSDI-ESP
model reclassified land cover class and the actual category defined from on the ground
observations of vegetation communities within the Blackfoot-Clearwater elk population summer
range in west-central Montana.
Dry
Forest
184
121
5
4
3
0
10
2
329

Dry Forest
Mesic Forest
Deciduous Forest
Deciduous Shrubland
Grassland
Irrigated Ag
Riparian
Non- Sampling
Total

Mesic
Forest
45
290
2
1
1
0
10
4
353

Deciduous
Forest
3
1
3
2
3
0
5
1
18

Deciduous
Shrubland
4
2
1
10
1
0
0
2
20

Grassland
0
0
0
1
17
0
2
1
21

Irrigated
Ag
0
0
0
0
1
19
0
0
20

Riparian

Total

1
0
0
0
2
0
16
0
19

237
414
11
18
28
19
43
10
780

Table S1.5. Error matrix representing the number of sampling sites assigned to each RAVG
model fire severity class and the actual fire severity defined from on the ground observations
of the vegetation response to fire within the Blackfoot-Clearwater elk population summer range
in west-central Montana. Only conifer forests were reclassified into one of the three fire severity
categories. Therefore, only sampling sites in mesic or dry forests were used to develop the error
matrix.
Unburned

Low
Severity

High
Severity

Total

Unburned

167

22

2

191

Low Severity

31

176

32

239

High Severity

1

20

230

251

199

218

264

681

Total
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Table S1.6. Error matrix representing the number of sampling sites assigned to the final land
cover model derived from the MSDI-ESP and RAVG models. Unburned, low, and high represent
fire severity. Mesic and dry represent forest type.
Unburned/Dry
Unburned/Mesic
Low /Dry
Low/Mesic
High/Dry
High/Mesic
Deciduous For.
Deciduous
Shrub.
Grassland
Irrigated Ag
Riparian
Unburned/Nonsampling
Low/Nonsampling
High/NonSampling
Total

Unburned/
Dry
62
15
6
3
0
0
1

Unburned/
Mesic
20
55
5
14
0
0
0

Low/
Dry
2
1
50
33
8
7
0

Low/
Mesic
2
15
5
83
0
3
0

High/
Dry
1
0
6
5
49
57
0

High/
Mesic
1
0
4
16
8
104
0

Deciduous
For.
3
0
0
1
0
0
3

Deciduous
Shrub.
2
0
1
0
2
0
1
0
0
0
0
0
1
0

2

0

0

0

0

0

2

8

1

2
0
6

0
0
5

0
0
1

0
0
0

0
0
0

0
0
0

3
0
5

1
0
0

0

0

1

0

0

0

0

1

2

2

3

0

1

0

1

0

2

8

98

102

105

113

126

Grassland

Irrigated
Ag
0
0
0
0
0
0
0

Riparian

Total

1
0
0
0
0
0
0

94
87
78
156
65
171
5

0

0

13

17
0
2

1
19
0

2
0
13

26
19
32

2

1

0

0

4

1

0

0

0

1

11

4

0

2

0

0

2

19

138

18

20

21

20

19

780

Table S1.7. User’s, producer’s, and overall accuracy, measured in percent for each land cover
category derived from the MSDI-ESP model for each land cover category.

Dry Forest
Mesic Forest
Deciduous Forest
Deciduous Shrubland
Grassland
Irrigated Ag
Riparian
Overall Accuracy
Kappa

User's
Accuracy
77.6
70
27.3
55.6
60.7
100
37.2

Producer's
Accuracy
55.9
82.2
16.7
50
81
95
84.2
69.1
0.51

Table S1.8. User’s, producer’s, and overall accuracy, measured in percent, for each fire severity
class derived from the RAVG model for each land cover category.

Unburned Forest
Low Severity Forest
High Severity Forest
Overall Accuracy
Kappa

User's
Accuracy
87.4
73.6
91.6

Producer's
Accuracy
83.9
80.7
87.1
84.1
0.76
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Table S1.9. User’s, producer’s, and overall accuracy, measured in percent, for each land cover
category from the final land cover model derived from the MSDI-ESP and RAVG models for
each land cover category. Unburned, low, and high represent fire severity. Mesic and dry
represent forest type.
Unburned/Dry
Unburned/Mesic
Low/Dry
Low/Mesic
High /Dry
High/Mesic
Deciduous Forest
Deciduous Shrubland
Grassland
Irrigated Ag
Riparian
Overall Accuracy
Kappa

User's
Accuracy
66
63.2
64.1
53.2
75.4
60.8
60
61.5
65.4
100
40.6

Producer’s
Accuracy
63.3
53.9
47.6
73.5
38.9
75.4
16.7
40
81
95
68.4
59.4
0.53
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Appendix S2. Detailed description of methods used to identify the important food items for
the summer diet
Methods
Pellet sample collection – field methods
Our goal was to identify important food items to be able to accurately quantify forage
quality and quantity across the landscape. We collected composite fecal samples and used DNA
metabarcoding techniques to determine the primary forage species. We conducted summer
sampling from May-August of 2020. We defined a composite fecal sample as collecting 2 pellets
per pellet group from 10 individual pellet groups that were >1 meter apart for a total of 20 pellets
per sample. We collected only fresh, moist pellets to ensure the sample was from the designated
season. We collected summer samples in two separate ways to achieve spatially and temporally
balanced sampling: 1) we selected areas used by GPS-collared female elk <24 hours prior
without replacement, and 2) we opportunistically collected fresh pellets. The second option for
collecting fecal samples ensured a large sample size because of difficulty in accessing areas used
by GPS-collared female elk within a short window of time to guarantee the pellets were from the
designated season. We combined composite samples in two separate ways: 1) we combined 10
individual pellet groups within a 300 m2 area into one composite sample, or 2) we combined
pellets that were collected at a similar date if there were not enough pellet groups within a 300
m2 area. We froze samples and then randomly selected two pellets, placed them into a vial
containing a liquid salt-based DNA stabilizer, and then sent samples to the Species from FecesBat Ecology and Genetics Lab (Northern Arizona University, Flagstaff, Arizona) for DNA
metabarcoding analysis.

49

DNA metabarcoding – lab methods
We identified forage species using fecal DNA metabarcoding techniques. DNA
metabarcoding identifies a standardized region from DNA in the pellet samples, cross-references
the standardized region (further referred to as variants) to a database to identify the plant species,
and then returns the relative quantities (further referred to as reads) of plant species in elk diets.
The lab subsampled fecal material from inside the pellet to avoid including external DNA prior
to DNA extraction. The lab extracted and amplified DNA from two markers: the ITS2 region of
nuclear 18S DNA (Chen et al. 2010, Yao et al. 2010) and a 334 base chloroplast region of rbcL
(Erickson et al. 2017). The lab processed sequencing reads separately for each marker. For each
marker, the lab removed variants if the variant was observed in only one sample or was observed
in less than 1% of a sample’s composition to avoid including exogenous DNA (Ando et al.
2018). The lab classified variants against curated databases to identify plant species for ITS2
(Branchi et al. 2020) and rbcL markers (Bell et al. 2017).
Diet list – classification methods
To identify the important forage species in the summer diets, we employed two different
methods, frequency of occurrence (FOO) and relative read abundance (RRA). The FOO method
is frequently considered the conservative approach as a food item is included in the diet list
based upon a threshold for the percentage of samples that contain each food item. The FOO
approach, therefore, limits the effect of taxa-specific biases that impact marker signal (e.g.,
differential digestibility, PCR priming bias, etc.). However, solely utilizing FOO can artificially
inflate the importance of rare food items, potentially biasing both forage quality and quantity
results (Ford et al. 2016, Deagle et al. 2018). The RRA method has been used as a surrogate for
relative biomass consumed based upon the percentage of reads for each food item. The
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population level RRA is calculated by averaging the sample specific RRA values with equal
weight given to each sample. Interpreting RRA as the amount of biomass consumed is cautioned
against as the taxa-specific biases highlighted earlier could influence read abundance. However,
the real food items should dominate, providing utility in filtering out exogenous DNA or plant
species eaten in small quantities despite high availability (Deagle et al. 2018).
To identify the summer diet, we developed a 10% threshold for FOO and 1% threshold
for RRA. We separately analyzed the ITS2 and rbcL markers for the RRA threshold. To be
included in the diet, we required each food item to meet the FOO threshold and at least one
marker’s RRA threshold. We did not include taxa only identified to the family level in the final
diet. To further filter our diet list to important food items, we compared RRA to the proportion of
vegetation plots containing each food item by developing a modified forage ratio (i.e.,
RRA/proportion of plots). Elk select plant species that are more palatable and nutritious, and
therefore, elk diets vary as a function of forage availability. We selected a modified forage ratio
threshold of 0.05 within at least one marker for inclusion in the diet to remove plant species that
are widely available yet eaten at low quantities. To provide a metric of importance in the diet, we
ranked food items by first giving each food item a rank for FOO and RRA separately if they met
the thresholds, and then added the FOO ranking and lowest marker ranking together. We then
classified food items ordinally based upon the lowest summed rankings.
Results
We collected 18 composite summer samples. A total of 56 taxa were identified in the
summer diet. We immediately removed one taxon from consideration, Phylica paniculata,
because it is a South African plant and was likely detected due to a sequencing error or
exogenous DNA. For the summer diet, 19 taxa met the FOO and RRA thresholds (Table S2.1),
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and 18 taxa met the modified forage ratio threshold and were included in the summer diet (Table
S2.2). One food item, Alopecurus sp., was not detected in the study area, and therefore, we were
unable to calculate a forage ratio. To estimate forage quality in irrigated agriculture fields we
included Medicago sativa, Phleum sp., and Elymus sp. to our summer diet list. Irrigated
agriculture has been found to provide high overall nutrition for elk (Barker et al. 2019), and elk
within the Blackfoot-Clearwater population have been found to utilize agricultural fields in the
summer months.
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Tables
Table S2.1. Summer taxa identified via DNA metabarcoding, percent frequency of occurrence (FOO),
and relative read abundance (RRA) for the ITS2 and rbcL markers. Ranks were given only if the taxon
met the threshold of 10% for FOO and 1% for RRA.
FOO
FOO
ITS2
ITS2
rbcL
rbcL
Taxon
%
Rank
RRA %
Rank
RRA %
Rank
77.77
1
56.9
1
48.69
1
Chamerion angustifolium
44.44
2
1.04
14
7.86
2
Vaccinium sp.
44.44
2
7.95
2
4.32
5
Iliamna rivularis
38.88
3
1.76
8
3.4
8
Rosa sp.
38.88
3
0.09
6.69
3
Fragaria sp.
33.33
4
7.16
3
2.55
9
Rubus sp.
27.77
5
1.89
10
Salix sp.
22.22
6
0.8
Spiraea betulifolia
22.22
6
3.97
4
0.84
Potentilla sp.
22.22
6
1.62
9
0.11
Arnica sp.
16.66
7
0.48
Thalictrum occidentalis
16.66
7
0.12
0.87
Taraxacum sp.
16.66
7
0.61
Phylica paniculata
16.66
7
0.46
Heuchera sp.
16.66
7
1.85
7
Eurybia sp.
16.66
7
0.59
Crataegus sp.
16.66
7
0.51
Ceanothus velutinus
16.66
7
0.52
Bromus sp.
16.66
7
0.43
Asteraceae sp.
16.66
7
0.03
0.24
Acer sp.
11.11
8
1.01
15
0.11
Tragopogon sp.
11.11
8
0.3
0.18
Symphyotrichum sp.
11.11
8
0.11
Rosaceae sp.
11.11
8
1.01
11
Rhododendron sp.
11.11
8
1.9
6
Menziesia sp.
11.11
8
1.22
12
0.25
Geum sp.
11.11
8
1.19
13
5.83
4
Geranium sp.
11.11
8
0.11
0.29
Epilobium sp.
11.11
8
1.57
10
Centaurea sp.
11.11
8
3.7
6
Carex sp.
11.11
8
2.48
5
3.49
7
Arctostaphyolos uva-ursi
8
0.2
0.5
Apocynum androsaemifolium 11.11
11.11
8
1.48
11
Alopecurus sp.
5.55
1.23
Verbascum thapsus
5.55
0.13
Triticum aestivum
5.55
0.22
Symphoricarpos albus
5.55
0.13
Shepherdia canadensis
5.55
0.03
Senecio sp.
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Rumex articus
Polygonaceae sp.
Poaceae sp.
Poa sp.
Pinus sp.
Phleum pratense
Orchidaceae sp.
Onagraceae sp.
Pyrola sp.
Microsteris gracilis
Lolium sp.
Hedysarum sp.
Geocaulon lividum
Elymus sp.
Chenopodium sp.
Berberis repens
Astragalus sp.
Anaphalis margaritacea

5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55
5.55

-

0.22
0.69
0.39
0.3
0.05
0.1
0.84
0.08
0.94
0.08

-

0.15
0.09
0.15
0.8
0.12
0.09
0.08
0.24
0.23
0.26
0.99
-

-

Table S2.2. Summer taxa that met the FOO and RRA thresholds, the final ranking, and the
forage ratios for the ITS2 and rbcL markers. The * denotes that the taxon did not meet the forage
ratio threshold to be included in the final diet. All other taxa are considered a food item.
Taxon
Chamerion angustifolium
Iliamna rivularis
Vaccinium sp.
Fragaria sp.
Rubus sp.
Potentilla sp.
Rosa sp.
Carex sp.
Eurybia sp.
Menziesia sp.
Arctostaphyolos uva-ursi
Arnica sp.*
Salix sp.
Centaurea sp.
Alopecurus sp.
Rhododendron sp.
Geum sp.
Geranium sp.
Tragopogon sp.

Final
rank
1
2
2
3
4
5
6
7
7
7
8
8
8
9
10
10
11
12
13

Forage Ratio
ITS2
0.92
3.97
0.02
0.004
0.89
1.32
0.11
0.12
0.17
0.23
0.03
0.26
NA
1.22
0.24
0.51
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Forage Ratio
rbcL
0.79
2.16
0.12
0.25
0.32
0.28
0.21
0.06
0.32
0.002
0.16
1
0.25
1.16
0.06
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Appendix S3. Forage quality and quantity methods
Mean forage quality
We collected pellet samples and conducted diet analysis to determine the primary forage
summer species for the Blackfoot-Clearwater elk population (see Appendix S2). Through
identifying and calculating the digestible energy (DE) for each phenological stage of each forage
species (see Digestible energy below), we can estimate forage quality as the mean DE of the
sampling site. For each quadrat, we separated the forage species from the recorded species
composition, and then divided the forage species cover proportionally amongst the identified
phenological stages. We calculated DE of the quadrat by multiplying the proportion of the
species in the phenological stage by the phenological stage specific DE and then summed. We
averaged the five quadrats to get the sampling site’s mean DE (Figure S3.1a).
Digestible energy
We collected forage species in each of the phenological stages (newly emergent,
flowering, fruiting, and cured) to determine dry matter digestibility (DMD) using sequential
detergent fiber analysis. We collected forage samples from either burned or unburned forests
throughout the study area and we defined a composite sample as five individual plants from the
same burn type and species-phenological stage. Composite forage samples included both leaves
and stems as well as flowers and fruits when present. We immediately dried samples at 55oC for
approximately 36 hours and sent samples to the Wildlife Habitat and Nutrition Laboratory
(Pullman, WA, USA). The lab uses the Ankom method (Ankom Fiber Analyzer 200/220,
Ankom Technology, Fairport, NY, USA) to report values including neutral detergent fiber
(NDF), acid detergent fiber (ADF), acid detergent lignin (ADL), acid insoluble ash (AIA), and
protein precipitation measured using bovine serum albumin (BSA). Sodium sulfite was used in
assays for forb and shrub samples, but not grass samples. From these values, DMD is calculated
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for forage species while accounting for species containing tannins (shrubs and some forbs), a
complex group of chemicals known to reduce DMD and protein in ruminants (Robbins et al.
1987a, b, Hanley et al. 1992), using the following equation from Robbins et al. (1987a, b):
DMD =[(0.9231 e -0.0451*((ADL/NDF)*100)–0.03*AIA)(NDF)]
+ [(-16.03 + 1.02 NDS)–2.8 *11.82BSA]
where NDS is the neutral detergent soluble measured at 100 − %NDF. For each forage species,
DMD is then converted to DE, a metric to determine forage quality, using the following equation
from Cook et al. (2016):
DMD
) x GE
DE = (
100
where GE is the gross energy content determined by bomb calorimetry and estimated as 4.53
kcal/g for forbs, graminoids, and deciduous shrubs and 4.8 kcal/g for evergreen shrubs (Cook et
al. 2016).
Between Study Area Comparisons
Methods
We cross checked for differences in forage species DE between the Blackfoot-Clearwater
summer range and a close by study area in Montana (Proffitt et al. 2016, 2019). We compared
Carex spp, Chamerion angustifolium, and Salix spp in two different phenological stages. We
selected these three taxa as a proxy to compare graminoid, forb, and shrub forage DE between
study areas.
Results
We compared four and six samples from the Blackfoot-Clearwater study area to 48 and
41 samples from Proffitt et al. (2016, 2019) for Carex sp. and Chamerion angustifolium,
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respectively and found no significant differences for DE between study areas (Table S3.1). The
sample size for Salix sp. from the BC summer range was too small to compare study areas, and
there were no other shrub forage species available for comparison. Given these results, we used
forage species DE estimates from Proffitt et al. (2016, 2019) along with the analyzed samples
from the BC summer range to calculate vegetation sampling site forage quality. Forage quality
varied as a function of lifeform and phenological stage (Figure S3.2).
Mean forage quantity
To estimate mean forage quantity (g/m2) per sampling site, we embedded a 0.5 m2 clip
plot within the 1 m2 quadrat at the 0, 20, and 40-meter marks of the transect. We clipped all
graminoids and forbs between 1-2 cm from the ground to represent the available foraging height
to elk and placed in separate bags. For shrubs, we clipped all leaves and soft-green stems,
representing new growth, below the 2 m mark and placed in another bag. We collected all live
and senesced vegetation; however, we did not include previous years’ litter. We dried samples at
55oC for 36 hours and then measured for dry weight. First, we allocated dried biomass within
each lifeform across species based on rescaled percent cover. Second, we filtered to forage
species and biomass was summed. Lastly, we averaged biomass across all clip plots and then
scaled up to square meters to estimate mean forage quantity (Figure S3.1b).
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Tables
Table S3.1. ANOVA table for the comparison of forage species DE between study areas. No
significant differences were found between study areas.
Chamerion angustifolium
Carex sp.

Study Area
Phenological Stage
Study Area
Phenological Stage

Df
3
2
3
2

Sum Sq
0.02
0.56
0.16
0.03

Mean Sq
0.01
0.28
0.05
0.02

F-Value
0.28
10.05
2.11
0.64

P-Value
0.84
0.0003
0.11
0.53

Figures

Figure S3.1. Methods for estimating a) mean digestible energy (i.e., forage quality; kcal/g) and b) mean forage
quantity (g/m2) at each vegetation sampling site in the Blackfoot-Clearwater elk population’s annual range in
west-central Montana, USA. Figure adapted from Proffitt et al. (2019).
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Figure S3.2. Comparison of forage quality between vegetation lifeform and phenological stage
for forage quality samples collected in the Blackfoot-Clearwater elk population from 2019-2020
and Bitterroot Valley (Proffitt et al. 2016, 2019) of west-central Montana, USA, during 20122015. The median is represented by the horizontal lines through the boxes, the interquartile range
(IQR) is represented by the length of the box, 1.5x the IQR is represented by the whiskers,
outliers >1.5x IQR are represented by the points outside of the whiskers.
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Appendix S4. Covariates used for modeling forage quality and quantity
Methods
To model forage quality and quantity across the landscape, we selected spatial covariates
based upon their known contributions to determining plant communities and therefore, forage
species. We evaluated 4 precipitation covariates related to interannual and intra annual variation
in growing season conditions (total weekly precipitation, total monthly precipitation, total
summer precipitation, and snow water equivalent), 3 covariates related to sun exposure (aspect,
percent canopy cover, and solar radiation), 2 covariates related to propagule dispersal (distance
to unburned patch and patch size), and 5 other covariates related to landscape and temporal
features that impact phenology and species composition (compound topography index, elevation,
fire severity, slope, week; Table S4.1). We conducted univariate modeling to determine the best
supported hypothesized functional form for continuous covariates, and we evaluated forage
quality and quantity models separately. We used corrected Akiaike’s Information Criterion
(AICc) to compete univariate models, and if univariate models were within 2 ∆AICc we moved
forward the most simplistic functional form for further modeling. We then screened covariates
for collinearity, and we only included covariates with a Pearson’s correlation coefficient < 0.6.
Results
For forage quality, we moved forward pseudothreshold distance to unburned patch to the
dredging stage. The linear form was the best supported for the remaining covariates (Table S4.2).
Distance to unburned patch and fire severity as well as SWE and elevation were found to be
collinear. Because the main objective was to assess the differences in forage quality between fire
severities, we removed distance to unburned patch and retained fire severity for further
modeling. Additionally, we removed SWE and retained elevation for further modeling because
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there is a stronger documented connection between elevation and nutrition compared to SWE
and nutrition.
For herbaceous forage biomass, pseudothreshold distance to unburned patch and slope
were the best supported functional forms and we moved them forward for further modeling. The
linear form was most supported for the remaining covariates (Table S4.2). Distance to unburned
patch and fire severity, elevation and SWE, and SWE and total summer precipitation were
correlated with one another. Again, we removed distance to unburned patch and SWE.
For shrub forage biomass, pseudothreshold distance to unburned patch and elevation
were the best supported functional forms and advanced to the model dredging stage. We moved
forward the linear form for the remaining covariates (Table S4.2). Distance to unburned patch
and fire severity as well as SWE and elevation were found to be collinear. Again, we retained
elevation and fire severity and removed distance to unburned patch and SWE.
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Tables
Table S4.1. Covariates, descriptions, hypothesized function forms, and source for the four
covariate suites used in modeling forage quality and quantity for the Blackfoot-Clearwater elk
population in west-central Montana. Within the functional form hypothesis, L represents linear,
Ps represents pseudothreshold, and Q represents quadratic.
Covariate
Precipitation
Covariates
Total weekly
precipitation (mm)
Total monthly
precipitation (mm)
Total summer
precipitation (mm)
Snow water equivalent
(SWE)

Functional form
Hypothesis

Description

Cumulative precipitation for the week in which a
vegetation sampling site was sampled (3 km
resolution raster)
Cumulative precipitation for the month in which a
vegetation sampling site was sampled (3 km
resolution raster)
Cumulative precipitation for May 1st – August 31st
for each sampling year (3 km resolution raster)

Source

L (+)

PRISM Climate Group,
https://prism.oregonstate.edu/

L (+)

PRISM Climate Group,
https://prism.oregonstate.edu/

L (+)

PRISM Climate Group,
https://prism.oregonstate.edu/

Cumulative SWE from December 1st – April 30th
prior to the year of sampling (1 km resolution
raster)

L (+)

Cosine transformed. Derived from the digital
elevation model (30 m resolution raster)

L (+)

SNODAS,

https://nsidc.org/data/g02158

Sun Exposure
Covariates
Aspect
Canopy cover (%)
Solar radiation
(WH/m2)
Propagule Dispersal
Covariates
Patch size (ha)

Distance to unburned
patch (m)

Other Covariates
Compound topography
index (CTI)
Elevation (m)
Fire severity

National Elevation Dataset,
http://ned.usgs.gov

Derived from the Vegetation Cover layer (30 m
resolution raster)

L (-), Ps (-)

Rangeland Analysis Platform
http://www.rangelands.app

Represents the direct incoming solar radiation for
each location, derived from the digital elevation
model (30 m resolution raster)

L (+), Ps (+)

Area Solar Radiation tool in the
Solar Radiation toolbox in
ArcMap 10.3

Size of patch based on land cover class measured
in hectares, derived from 2016 reclassified MSDI
landcover model and RAVG CBI fire severity
layer
Euclidean distance from vegetation sampling site
to edge of unburned coniferous forest patch of any
size, derived from 2016 reclassified MSDI
landcover model and RAVG CBI fire severity
layer
Index of wetness based on slope and upstreamcontributing areas, derived from the digital
elevation model (30 m resolution raster)
Digital elevation model (30 m resolution raster)
Categorical measure of the amount of vegetation
consumed during the fire including unburned, low
severity, and high severity (30 m resolution raster)
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See Appendix S1
L (-), Ps (-)
See Appendix S1
L (-), Ps (-)

L (+), Ps (+)

National Elevation Dataset,
http://ned.usgs.gov

L(+), Ps (+)

National Elevation Dataset,
http://ned.usgs.gov

Categorical

See Appendix S1; RAVG Compound Burn Index
https://fsapps.nwcg.gov/ravg/

Slope (degrees)
Week

Derived from the digital elevation model (30 m
resolution raster)
Week in which sampling occurred from mid-May
through August

L (+), Ps (+), Q
(+/-)

National Elevation Dataset,
http://ned.usgs.gov

L (-), Q (+/-)

Table S4.2. Hypothesized covariate functional forms, AICc scores, and delta AICc scores used
in univariate modeling to determine the best supported functional form for each covariate to
move forward in modeling forage quality and quantity for the Blackfoot-Clearwater elk
population in west-central Montana, USA.
Forage Quality
AICc

Forage
Quality
∆AICc

Herb.
Biomass
AICc

Herb.
Biomass
∆AICc

Shrub
Biomass
AICc

Shrub
Biomass
∆AICc

Linear
Pseudothreshold

894.33
904.40

0.00
10.07

10017.89
10029.32

0.00
11.43

6128.43
6151.80

0.00
23.37

Solar Radiation
Psuedothreshold
Linear

904.1
904.46

0.00
0.45

10031.45
10026.92

0.00
-4.53

6194.90
6192.57

0.00
-2.33

899.64
903.57

0.00
3.93

10020.26
10028.47

0.00
8.21

6191.31
6198.00

0.00
6.69

Distance to unburned patch
Psuedothreshold
849.20
Linear
895.19

0.00
45.99

9959.22
10016.71

0.00
57.48

6074.40
6142.19

0.00
73.79

Compound topography index
Linear
888.52
Psuedothreshold
889.29

0.00
0.77

10022.56
10021.00

0.00
-1.56

6191.71
6193.86

0.00
2.15

Covariate
Canopy Cover

Patch Size
Linear
Psuedothreshold

Elevation
Linear
Psuedothreshold

884.62
888.15

0.00
3.53

9945.81
9949.80

0.00
3.99

6174.40
6172.06

0.00
-2.33

Linear
Quadratic
Psuedothreshold

901.58
902.23
904.62

0.00
0.65
3.3

10029.13
10029.51
10025.42

0.00
0.38
-4.09

6181.14
6185.04
6183.04

0.00
3.90
1.90

Linear
Quadratic

902.34
904.33

0.00
1.99

NA
NA

NA
NA

NA
NA

NA
NA

Slope

Week
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Appendix S5. Modeling vegetation cover types not impacted by wildfire for August
Methods
We additionally conducted vegetation sampling in five other vegetation cover types
including deciduous dominated forests, deciduous shrublands, grasslands, irrigated agriculture
fields, and riparian areas in August of 2019 and 2020. We sampled these five vegetation cover
types to understand the nutritional landscape of the summer range that was not impacted by fire.
We concentrated our sampling effort to August, a typically nutritionally limited period for
female elk. We used the same vegetation sampling site methods and forage quality and quantity
methods used for mesic and dry forest sampling.
We developed nutrition models that predicted forage quality using linear models and
forage quantity using zero-inflated negative binomial models (ZINB) as a function of spatial and
temporal covariates for August. We used the same spatial and temporal covariates and methods
as the forested cover type modeling. We separately modeled deciduous forest, deciduous
shrubland, grassland, and riparian vegetation cover types for forage quality and modeled all four
vegetation cover types together for forage quantity to meet the assumptions of linear and ZINB
models. We did not model forage quality and quantity for irrigated agriculture as forage quality
and quantity within irrigated agriculture is driven more by human management than
environmental covariates. Therefore, we assigned the median values from irrigated agriculture
sampling to the similarly identified landcover model polygons. For forage quantity modeling of
the remaining four vegetation cover types from August sampling, we added in a categorical
covariate for vegetation cover type.
Results
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We sampled a total of 98 vegetation sampling sites in riparian (19 sites), grassland (21
sites), deciduous shrubland (20 sites), deciduous forest (18 sites), and irrigated agriculture (20
sites).
Forage quality
Median DE was 2.95 kcal/g (25 – 75% quantiles: 2.77 – 3.09 kcal/g) and varied based on
vegetation cover type (Figure 1). The covariates that best predicted forage quality in grassland,
riparian, deciduous shrubland, and deciduous forests in August varied based on vegetation cover
type (Table S5.1).
Forage quantity
Median herbaceous and shrub forage biomass was 12.60 g/m2 (25- 75% quantiles: 1.84 –
32.43 g/m2) and 0.00 g/m2 (25 – 75% quantiles: 0.00 – 2.97 g/m2), respectively, and varied based
on vegetation cover type (Figure S5.2).
The top model predicting the presence/absence and the amount of herbaceous biomass
included tree canopy cover (Table S5.2). The top model predicting the presence/absence of shrub
biomass included tree canopy cover and included tree canopy cover and elevation for predicting
the amount of shrub biomass (Table S5.2).
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Tables
Table S5.1. Standardized coefficient estimates and standard errors for the top models predicting
summer forage quality in each of the vegetation types. Bold face values denote 95% CI not
containing 0.
Covariate
Intercept
Elevation
Week
Week*Elevation
Slope
Canopy Cover
Solar Radiation
Monthly Precip
Weekly Precip
Aspect
CTI
Patch Size*Fire
Severity
Summer Precip
R^2

Deciduous
Forests
3.09 (0.04)
0.13 (0.04)
----------

Deciduous
Shrubland
2.35 (0.22)
---0.33 (0.23)
0.33 (0.19)
------

Grassland

Riparian

4.68 (1.06)
1.32 (0.67)
--------0.39 (0.25)
--

1.94 (0.18)
----0.49 (0.12)
----0.42 (0.16)
---

--

--

--

--

-0.39

-0.09

-0.14

-0.62
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Table S5.2. Standardized coefficient estimates and standard errors for the top models predicting

summer herbaceous and shrub forage biomass within deciduous forest, deciduous shrubland,
grassland, and riparian vegetation cover types in August. “NB” refers to the negative binomial
part of the model that estimates the amount of biomass and “ZI” refers to the zero inflated part of
the model that estimates the presences or absence of biomass. Boldface values denote 95% CI
not containing zero.
Covariate
NB

ZI

Intercept
Vegetation Cover Type
Canopy
Elevation
Slope
Week
Week*Elevation
Aspect
CTI
Patch Size*Fire
Severity
Monthly Precipitation
Weekly Precipitation
Solar Radiation
Summer Precipitation
Intercept
Vegetation Cover Type
Canopy
Elevation
Weekly Precipitation
Week
Slope
Week*Elevation
CTI
Aspect
Patch Size*Fire
Severity
Monthly Precipitation
Solar Radiation
Summer Precipitation

Herbaceous Biomass

Shrub Biomass

7.80 (0.15)
--0.59 (0.16)
-------

7.05 (0.37)
-0.36 (0.27)
0.68 (0.30)
------

--

--

-----1.73 (0.33)
--0.54 (0.33)
--------

----0.51 (0.29)
--1.31 (0.32)
--------

--

--

----

----
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Figures

Figure S5.1. Median digestible energy measured within each vegetation cover class in August in
the Blackfoot-Clearwater elk summer range in west-central Montana from 2019-2020. The
median is represented by the horizontal lines through the boxes, the interquartile range (IQR) is
represented by the length of the box, 1.5x the IQR is represented by the whiskers, outliers >1.5x
IQR are represented by the points outside of the whiskers.
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Figure S5.2. Median herbaceous and shrub forage biomass within each vegetation cover class in
August, in the Blackfoot-Clearwater elk summer range in west-central Montana from 2019-2020.
The median is represented by the horizontal lines through the boxes, the interquartile range
(IQR) is represented by the length of the box, 1.5x the IQR is represented by the whiskers,
outliers >1.5x IQR are represented by the points outside of the whiskers.
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Chapter 2: Female elk resource selection during the fall hunting seasons in a recently
burned landscape
Abstract
Wildfires have increased across the western United States in recent decades, with fires
burning at a higher severity and larger scale. Fire severity is an important component of
wildfires, influencing forest structure and therefore wildlife habitat through time and space. Yet,
few studies have evaluated the effects of fire severity on habitat use of ungulates. For years two
and three post fire, we developed resource selection probability functions to evaluate the effects
of fire severity on female elk (Cervus canadensis) resource selection during four fall hunt
periods ranging from no to high hunter pressure (prehunt, archery-only, backcountry rifle, and
rifle). We compared attributes of used GPS locations to attributes of available locations
identified within the population level fall home range. During the backcountry rifle hunt period,
we additionally sought to understand elk resource selection when archery and rifle hunting
simultaneously occurred in separate hunting districts on the landscape, an effect that had not
previously been evaluated. Female elk selected burned forests during the prehunt, archery-only,
and backcountry rifle periods with no difference in selection between fire severities. During the
prehunt and archery-only periods, elk selected for areas further away from open roads and areas
with greater forage quality. During the backcountry rifle and rifle periods, elk selected for areas
with less snowpack and areas closer to roads, suggesting a seasonal shift in distributions as elk
moved from their higher elevation summer range that was further from roads to their lower
elevation winter range that was closer to roads. Additionally, hunter pressure and hunter method
influenced resource selection during the backcountry rifle and rifle periods. For the backcountry
rifle period, elk selected areas with less hunter pressure and were 15% more likely to select
hunting districts with only archery hunting. The redistribution to hunting districts with only
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archery hunting could have also been influenced by elk selecting for areas with less snowpack as
elk began to transition to their winter range. During the rifle period, elk avoided hunting districts
with high hunter pressure and burned forests. Avoidance of burned forests during the rifle period
could be explained by either fire reducing hiding cover for elk or elk following seasonal
redistribution patterns to areas where the Rice Ridge fire did not burn. Because fire improved
forage quality regardless of fire severity, elk may have been attracted to burned forests because
of an increase in nutritional resources during the prehunt and archery-only periods when there
was low hunter pressure. During the backcountry rifle and rifle periods, resource selection likely
was driven by factors other than fire effects as hunter pressure and snowpack increased. In our
study, hunting districts with conservative hunting regulations that limit hunter pressure in areas
with less snowpack may provide refuge to elk during the rifle season. Our study indicates that
there may be limited differences in resource selection between low and high severity burned
forests during the hunting seasons in years two and three postfire.
Introduction
Wildfires in the western United States have been increasing in size and severity over the
last several decades (Flannigan et al. 2013, Dennison et al. 2014, Westerling et al. 2016, Parks
and Abatzoglou 2020). From 1985 to 2017, there has been an eight-fold increase in the amount
of area burned annually by high severity fires, and climate forecasts suggest a continued increase
in the future (Parks and Abatzoglou 2020). Fire severity influences the postfire forest structure
through removing variable amounts of vegetation, which can set forest patches onto different
successional trajectories (Kane et al. 2013). By changing vegetative structure, fire severity
potentially alters the availability and distribution of key resources for wildlife such as food and
cover, ultimately influencing habitat use (Buchalski et al. 2013, Galbraith et al. 2019, Stillman et
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al. 2019). However, more research assessing wildlife responses to fire severity is needed to
provide crucial information to help wildlife and land managers meet habitat requirements,
population objectives, and develop hunting regulations as wildfires continue to shape the western
U.S.
Wildfire can positively or negatively affect wildlife habitat, defined as the suite of
resources and environmental conditions that determine the presence, survival, and reproduction
of a population (Hall et al. 1997, Gaillard et al. 2010). For elk (Cervus canadensis), wildfire may
positively affect nutritional resources. Wildfires transition forests to early successional stages,
frequently increasing the quality and quantity of forage available to ungulates shortly after a fire
(Merrill et al. 1980, Cook et al. 1994, Tracy and McNaughton 1997, Sachro et al. 2005, Proffitt
et al. 2019). In turn, elk typically select recently burned forests to increase foraging efficiency
(Spitz et al. 2018). Adequate nutritional resources are particularly important during late-summer
and fall, as female elk look to support physiological demands for both pregnancy and overwinter
survival (Cook et al. 2004). Thus, female elk body condition and pregnancy rates could be
positively impacted if elk are able to access high quality forage in a recently burned landscape.
Despite the likely postfire nutritional benefits, the removal of vegetation by disturbances, such as
fire, may negatively impact elk habitat by reducing security resources such as hiding cover
(Lowrey et al. 2020), potentially increasing susceptibility, or risk, to predation and harvest.
Therefore, elk may also avoid recently burned areas where risk is high (Hebblewhite et al. 2009).
Previous research on elk responses after wildfire have mainly focused on comparing
resource selection between unburned and burned areas (Pearson et al. 1995, Biggs et al. 2010);
however, fire severity adds another layer of complexity that warrants further research into the
impacts on elk habitat use. Fire severity plays a key role in developing the postfire structure and
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composition of forested ecosystems and, therefore, elk habitat. Within forested ecosystems,
mixed severity fires create a heterogenous landscape where some areas remain unburned (no
recent fire history), are burned at a low/moderate severity (fire removes understory vegetation;
some trees experience mortality, but many mature trees survive), or are burned at a high severity
(fire removes understory vegetation and kills most trees) (Ryan 2002, Keeley 2009). Although
there may be limited differences in nutritional resources between fire severity classes in the years
shortly after fire (Snobl et al. in press), the differences in postfire forest structure between fire
severity classes may create stark differences in security resources. Forests burned at a high
severity experience the greatest amount of vegetation removal (Heinselman 1981, Turner et al.
1997), and therefore, have less vertical vegetative structure for elk to use as cover (Long et al.
2014, Lone et al. 2017). Shortly after a wildfire, the variability in vertical vegetative cover
between fire severity classes may be most pronounced, as vegetation has not recovered, and
horizontal visibility is high, thus leading to potential differences in susceptibility to predation and
harvest (Greene et al. 2012). Thus, more information is needed to better understand how elk use
recently burned forests as a function of fire severity and security resources, particularly during
the fall hunting seasons, one of the riskiest times for female elk (Ciuti et al. 2012, Brodie et al.
2013, Thurfjell et al. 2017).
In addition to characterizing the role of fire in elk resource selection, this information is
needed to guide effective management of elk and habitat in areas that recently experienced largescale wildfire. During the hunting seasons, to reduce their susceptibility to harvest, elk typically
select for areas with greater cover to conceal themselves from hunters (Skovlin et al. 2002), and
areas further from open roads (Montgomery et al. 2013, Proffitt et al. 2013, Lowrey 2020).
Through regulating these security resources during the hunting seasons, managers work to strike
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a balance between providing opportunities for hunters while maintaining reasonable elk survival
(Hillis et al. 1991, Christensen et al. 1993). However, wildfire likely reduces the availability of
cover, dependent upon fire severity, which could lead elk to utilize alternative forms of security
such as areas that limit hunter pressure to reduce their vulnerability to harvest (Proffitt et al.
2016, Sergeyev et al. 2022) potentially complicating management goals and objectives
(Haggerty and Travis 2006).
Throughout the fall hunting season, elk may differentiate between archery and rifle
hunting because of the differences in hunting strategy and pressure and therefore, may select for
different security resources depending on the hunting period (Cleveland et al. 2012, Thurfjell et
al. 2017, Lowrey et al. 2020). Archery hunters typically require dense cover to conceal their
approach and must get in close proximity to successfully harvest an animal (Rowland et al.
2021). Alternatively, rifle hunters can land a lethal shot from longer range, and therefore, may
use more open terrain to maximize their opportunities. In addition to the differences in hunting
strategies, hunter pressure (i.e., the number of hunters on the landscape) typically increases from
the archery season to the rifle season leading to an increase in perceived risk (Cleveland et al.
2012). Elk, in turn, may select for areas with less hunter pressure to reduce their vulnerability to
harvest (Ranglack et al. 2017)
In most systems, archery and rifle hunting occur at separate times. However, in our study
area, elk uniquely experience both rifle and archery hunting on the landscape, albeit in separate
hunting districts, concurrently. For approximately one week in early September, archery hunting
occurs in all 10 hunting districts. Then, rifle hunting is introduced into two hunting districts
located in the backcountry (further referred to as backcountry hunting districts). Archery only
methods occur in the remaining eight adjacent hunting districts located in the front country
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(further referred to as front country hunting districts). This period when rifle hunting is allowed
in the backcountry hunting districts and only archery methods occur in the front country hunting
districts is further referred to as the backcountry rifle period. Because hunter strategies and
pressure differ between hunting methods, elk may adopt different strategies to avoid harvest
when both methods occur on the landscape at the same time. Research has not yet evaluated elk
resource selection and distributions during the backcountry rifle hunting period. Previous
research has shown that the redistribution of elk to areas that limit hunter pressure (e.g., refuge
areas or private lands) coincides with the archery season in some populations (Conner et al.
2001, Vieira et al. 2003, Proffitt et al. 2013), or with the rifle season in others (Millspaugh et al.
2000, Johnson et al. 2004, Proffitt et al. 2013). These patterns are likely a result of varying levels
of hunter pressure that populations encounter during each season (Ranglack et al. 2017). Given
these results, with both archery and rifle hunters on the landscape at the same time, elk may alter
their distributions to areas that have less hunter pressure. For example, with the introduction of
rifle hunting within the backcountry hunting districts, elk may redistribute to front country
hunting districts with archery hunting only.
Our main objective was to evaluate how female elk selected resources in a recently
burned landscape throughout the fall hunting seasons. To capture periods of no to high hunter
pressure, and therefore perceived risk, we modeled and compared resource selection during four
hunt periods: prehunt (i.e., the two weeks before the start of the archery season; approximately
the last week of August and first week of September), archery-only (i.e., approximately one
week period when there was only archery hunting on the landscape; approximately the second
week of September), backcountry rifle (i.e., approximately 5 weeks when there was both rifle
and archery hunting in the backcountry and archery-only hunting in the front country; mid-
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September – mid-October), and rifle (i.e., the five weeks when both methods were allowed on
the landscape; late-October – late-November/beginning-December). We hypothesized that if fire
increased elk vulnerability to harvest because of a reduction in vertical vegetative cover, elk
would avoid burned forests. Therefore, we predicted that selection for burned conifer forests
would decrease from the prehunt period to the rifle period as hunter pressure increased.
Additionally, we hypothesized that if elk vulnerability to harvest is greatest in high severity
burned forests due to the least amount of vertical vegetative structure, then there will be greater
selection for low severity compared to high severity burned forests. Additionally, we sought to
evaluate elk resource selection in a system with a special season for early rifle hunting within the
backcountry hunting districts. We hypothesized that when rifle and archery hunting occur on the
landscape at the same time, elk would select for hunting districts with only archery hunting. To
test these hypotheses, we developed resource selection probability functions incorporating
covariates in four categories (i.e., nutritional, landscape, hunting, and environmental) to assess
female elk resource selection in years two and three postfire in west-central Montana.
Methods
Study area
The study took place in west-central Montana in the Ovando-Seeley Lake area and
focused on the 1,838 km2 fall range (August 24 – December 1st) of the Blackfoot-Clearwater
(BC) elk population (Figure 1). The BC elk population was estimated at approximately 1,000
animals between 2018-2020 based upon aerial surveys (Montana Fish, Wildlife and Parks
unpublished data). Landownership within the fall range consists of publicly accessible federal
lands (65%) found primarily in higher elevational areas as well as publicly accessible state lands
(14%) and privately owned property (20%) that primarily dominated the lower elevation areas.
Elevations ranged from 1132 m to 2694 m with varied topography including flat bottomland,
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foothills, and steep and rugged mountain slopes. Mean fall precipitation ranged from 35 mm in
the valley to 153 mm on mountain summits, and mean temperature for the fall was 4C (Prism
Climate Group).
Approximately 29% of the elk population’s fall range was burned by the Rice Ridge Fire
which started due to a lightning strike in July 2017 and continued to burn through September
2017. The approximately 623 km2 mixed-severity fire included 46% low severity and 54% high
severity burns and predominantly impacted higher elevational public lands. Prefire forest
communities were dominated by Rocky Mountain Subalpine Dry-Mesic Spruce-Fir Forest and
Woodland, with the dominate conifers being Engelmann spruce (Picea engelmannii) and
subalpine fir (Abies lasiocarpa). Rocky Mountain Dry-Mesic Montane Mixed Conifer Forest
also made up a large portion of the study area, and these forests were dominated by lodgepole
pine (Pinus contorta), western larch (Larix occidentalis), Douglas-fir (Pseudotsuga menziesii),
and ponderosa pine (Pinus ponderosa). The fall range was comprised of 67% conifer forests
where 37% was classified as unburned, and 14% and 16% was classified as burned by low and
high severity, respectively. The main lower elevational habitats in the fall range included
grasslands (10%; dominated by bluebunch wheatgrass (Pseudoroegneria spicata), rough fescue
(Festuca campestris), or Idaho fescue (Festuca idahoensis)), riparian areas (9%), irrigated
agriculture (1%), deciduous shrublands (1%), and deciduous forests (1%).
Sympatric species include mule deer (Odocoileus hemionus), white-tailed deer
(Odocoileus virginianus), moose (Alces alces) and mountain goat (Oreamnos americanus). Apex
predators within the annual range include grizzly bear (Ursus arctos), black bear (Ursus
americanus), mountain lion (Puma concolor), and gray wolf (Canis lupus).
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The BC elk population’s fall range spans 10 hunting districts with variable regulations
influencing hunting methods and hunter pressure (Table 1). For the eight front country hunting
districts, archery hunting took place during a six-week season in September and early October,
followed by a five-week general rifle hunting season during late October and November. For the
two backcountry hunting districts, an approximately one-week archery season takes place in the
beginning of September, followed by an approximately 11-week rifle season where both archery
and rifle hunting methods are allowed. During the archery season, hunters with a general elk
hunting license could harvest only brow-tined bulls in one hunting district (HD 150) whereas the
other nine hunting districts allowed for brow-tined bull and antlerless elk harvest. Within the two
hunting districts that have a backcountry rifle season, general elk license holders could harvest
only brow-tined bulls in one hunting district (HD 150) and brow-tined bulls or antlerless elk in
the other (HD 280). During the rifle season, regulations ranged from hunting districts where
there was no general rifle season (i.e., limited special permits only) to hunting districts that
allowed for brow-tined bull and antlerless elk harvest with a general elk license. In seven out of
the 10 hunting districts, antlerless elk were available to being harvested by rifle hunting with a
combination of general elk licenses and limited special permits (Table 1). For archery season,
hunter pressure varied by hunting district and ranged from 155 to 2,857 hunter-days annually.
For rifle season, hunter pressure ranged from 740 to 8,898 hunter-days annually (Table 1).
Data Collection
In the winter of 2018-2019, we captured and collared 19 adult female (>1.5 years old) elk
using helicopter net gunning or chemical immobilization in accordance with animal welfare
protocols approved by Montana Fish, Wildlife and Parks (IACUC # FWP 13-2018). In
December 2019, we captured and collared an additional 40 adult female elk. We outfitted elk
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with Iridium remote upload global positioning system (GPS) radio-collars (Lotek Wireless,
model LiteTrack Iridium 420, New Market, Ontario, Canada) programmed to record a location
every hour, transmit a mortality notification 6 hours post-mortality, and drop off after 2 years.
Analysis
To understand elk resource selection throughout the fall, we developed a separate model
for each hunt period (i.e., prehunt, archery-only, backcountry rifle, rifle) to capture periods
ranging from low to high hunter pressure. For each hunt period model, we retained GPS data for
elk that had collected GPS locations for at least half of the period. We excluded all collar
locations when the dilution of precision reading was > 10 (D’Eon and Delparte 2005). To reduce
spatial autocorrelation in the data, we retained only GPS locations with a five-hour interval
between relocations (Hansteen et al. 1997).
We determined resource selection for female elk by comparing attributes of used GPS
locations to attributes of available locations. We identified available points within the population
level fall home range (August 24 – December 1) using a 95% kernel density estimator contour
based on the combined individual locations using the adehabitatHR package (Calenge 2006). We
randomly generated available points for individuals at a 1:5 (used:available) ratio for each hunt
period, as a 1:5 ratio sufficiently characterized the distribution of covariates to help avoid
potential modeling convergence issues (Northrup et al. 2013, Lula et al. 2020).
We evaluated a suite of 10 covariates to describe the influences of nutritional, landscape,
hunting, and environmental variables on elk resource selection during the fall for the BC elk
population (Table 2). For nutritional resources, we evaluated forage quality (digestible energy/g
of forage, kcal/g) that we extracted from landscape models developed from elk diet and
vegetation sampling conducted during the late summer and fall (Snobl et al. in press, Appendix
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A). First, we collected pellet samples from September-November of 2020 to identify important
fall forage species. Next, we conducted vegetation sampling in August of 2019 and 2020 at 243
sites within 11 vegetation cover types to identify plant species composition, percent cover, and
phenology. We filtered to fall forage species and used the information from vegetation sampling
to estimate mean forage quality at each sampling site. Lastly, we built an early (August 22 –
October 14) and late (October 15 – December 1) fall landscape nutrition model by modeling
forage quality as a function of spatial and temporal covariates.
We evaluated five landscape variables that elk could use to reduce their vulnerability to
harvest. To characterize potential dense cover areas, we used percent canopy cover from the
Rangeland Analysis Platform (https://rangelands.app/) and classified dense cover as areas with
canopy cover > 40% (Jones et al. 2018, Allred et al. 2021). We used distance to dense cover as a
covariate (Proffitt et al. 2016, DeVoe et al. 2019). To understand the influence of roads, we used
distance (m) to motorized routes that were categorized as open to motorized use for each hunt
period (Hillis et al. 1991, Ranglack et al. 2017, Spitz et al. 2018, Lowrey et al. 2020). To
understand the influence of vertical vegetative structure on elk security, we used landcover type
using the 2016 Montana MSDI Land Cover (http://geoinfo.msl.mt.gov) dataset and the Rapid
Assessment of Vegetation Condition after Wildfire (RAVG, https://fsapps.nwcg.gov/ravg/)
product. We classified landcover types into unburned conifer forests (not burned or harvested in
the last 15 years), low severity burned conifer forests, high severity burned conifer forests, open
(grasslands, agricultural areas, and shrublands), closed (deciduous forests and riparian areas),
and other (forests burned or harvested between 2002-2017). We grouped the open and closed
landcover types based upon the perceived amount of vertical vegetative structure within the
original cover types. To understand the impact of terrain on elk resource selection, we used the
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vector ruggedness measure (further referred to as ruggedness), which incorporates variation in
aspect and slope to provide a unitless measure of terrain ruggedness (Sappington et al. 2007,
Lowrey et al. 2020). We assumed that higher ruggedness reduced elk vulnerability.
Additionally, we evaluated three variables related to hunting that may affect elk resource
selection: hunting method, hunter pressure, and hunter access. To understand the impacts of
having multiple hunting methods on the landscape at the same time, we included a covariate for
hunting method (i.e., archery-only vs rifle or archery) during the backcountry rifle hunt period
model. We included a hunter pressure variable that we estimated using data from the Montana
Fish, Wildlife and Parks harvest survey program. For the archery-only and rifle period, we used
the total number of hunter days within each hunt district for each method to represent relative
hunter pressure. For the backcountry rifle period, within the eight front country hunting districts
we used the total number of archery hunter days and within the two backcountry rifle hunting
districts we used the total number of rifle hunter days. We classified hunter access into
“accessible” or “unknown” categories. We classified public lands that allowed hunting and any
private lands enrolled in the State of Montana’s Block Management Program as accessible.
Privately owned lands with varying levels of restrictions on hunting access were classified as
unknown.
Additionally, we evaluated the influence of one environmental covariate, the snow water
equivalent (SWE) to represent the influence of snowpack on selection. We calculated the
maximum SWE value per pixel during each week using data from the Snow Data Assimilation
System (SNOWDAS).
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We screened covariates for collinearity, and we only included covariates with a Pearson’s
correlation coefficient < 0.55. For each hunt period model, we only included the covariates that
were hypothesized to impact resource selection during that time period (Table 2).
For our resource selection models, we used a case control model with contaminated
controls using use-availability data which estimated the parameters of a resource selection
probability function (RSPF) (Lele 2009, Rota et al. 2013). An RSPF produces an absolute
probability of use estimate for a resource. The absolute probability of use can provide more
straightforward interpretation compared to methods that give an estimate of the relative
probability of use because comparing baseline relative probabilities close to 0 or 1 may be futile
(Rota et al. 2013). The probability that a species uses sample unit i can be written as:
𝜓𝑖 =

ℯ 𝛽0 + 𝛽1 𝑥𝑖1 + … +𝛽𝑚 𝑥𝑖𝑚
1+ ℯ 𝛽0 + 𝛽1 𝑥𝑖1 + … +𝛽𝑚 𝑥𝑖𝑚

(1)

where ψi is the probability that a species occurs in sample unit i, β0 is the intercept parameter,
and β1, … , βm are the parameter coefficients associated with the m covariates (Millspaugh et al.
2018). We fit univariate models and advanced the best-supported functional form when multiple
functional forms for covariates were proposed. The probability that a sample unit is observed to
be used, conditional on that sample unit being included in the sample is:
ℎ
𝜓
𝜋(1 − ℎ) 𝑖
𝜙𝑖 =
(2)
ℎ
1+
𝜓
𝜋(1 − ℎ) 𝑖
where h = n1 / n, and n = na + n1, ψi is the probability of use defined in eqn. 1 above, n1 is a
random sample of used sample units, na is a random sample of available sample units that
contains both used and unused units, and π is the unconditional probability of use of a sample
unit, called prevalence (Lancaster and Imbens 1996, Keating and Cherry 2004, Rota et al. 2013,
Millspaugh et al. 2018). We estimated prevalence of female elk using game camera data which
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allowed us to summarize the proportion of time female elk were located in various combinations
of habitat features (Appendix B). Prevalence estimates the average probability that any available
point may in fact be used, which allows us to estimate absolute probability of use for resources.
The log-likelihood of the use-availability model can then be written as:
𝑛

ln(𝐿(𝛽0 , 𝛽1 , … , 𝛽𝑚 )) = ∑ 𝑧𝑖 ln (𝜙𝑖 ) + (1 − 𝑧𝑖 ) ln(1 − 𝜙𝑖 ) (3)
𝑖=1

where 𝑧𝑖 = 1 if sample unit i was observed to be used, 0 otherwise (Millspaugh et al. 2020).
We modeled the absolute probability that an elk used a sample unit as a function of the
habitat features for each individual animal (Proffitt et al. 2016) by including a random intercept
for each animal-year. We used a Bayesian implementation of the model and fit the models using
JAGS (Plummer 2003) via the package R2Jags (Su and Yajima 2015). For the regression
coefficients, we assumed independent normal prior distributions (μ=0, σ2=1000). We evaluated
goodness-of-fit of the model with posterior predictive checks (Kéry and Schaub 2012, Gelman et
al. 2014). We first calculated the deviance function from the observed data (Ty) and the data
simulated assuming the model was the data-generating model (Trep) (McCullagh and Nelder
1989). Next, we calculated the Bayesian p-value pB = Pr(Trep > Ty) from posterior simulations and
assumed reasonable fit if 0.1 < pB < 0.9. We used the posterior distribution of the population
level parameter and the 95% credible intervals from the global model to make inference on
resource selection (Chatfield 1995, Ellison 2004). If the 95% credible intervals of a covariate did
not overlap 0, we interpreted the covariate as important in the resource selection model (Beatty et
al. 2014).
Results
The percentage of locations used by collared elk within each landcover type and hunter
accessibility category varied among hunt periods (Appendix C). Additionally, mean distance to
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dense canopy, digestible energy, distance to motorized route, and maximum SWE of used
locations varied among hunt periods (Appendix C). Canopy cover and distance to dense canopy
cover were highly correlated (Pearson’s correlation coefficient = 0.58) for all hunt period models
so we only included distance to dense canopy cover in the model. Additionally, hunter access
and landcover type were positively correlated. Because our main question focused on the effects
of fire severity on elk resource selection, we retained landcover type for modeling.
Prehunt – We modeled female elk resource selection for the prehunt period based on
3,258 used locations and 16,583 available locations using 55 animal years from 46 animals. All
hyper-parameters in the model adequately converged (𝑅̂ < 1.1; Gelman et al. 2014). The model
estimated mean prevalence was 0.46 (SD = 0.23).
During the prehunt period, female elk selected burned forests, and there was no
difference in selection based on fire severity category. Female elk were 23%, 97%, 83%, and
83% more likely to select both low and high severity burned forests compared to the unburned
forest, open, closed, and other landcover types, respectively (Figure 2). In order of selection,
female elk selected for areas further away from motorized routes, areas with greater digestible
energy, areas further from dense canopy, and more rugged terrain (Figure 2, Table 3).
Archery-only - We modeled female elk resource selection for the archery-only hunt
period using 1,639 used locations and 8,302 available locations using 55 animal years from 46
animals. All hyper-parameters in the model adequately converged (𝑅̂ < 1.1; Gelman et al. 2014).
The model estimated mean prevalence was 0.45 (SD = 0.24)
Similar to the prehunt period, female elk during the archery-only period selected for
burned forests, and there was no difference in selection based on fire severity category. Female
elk were 40%, 92%, 77%, and 67% more likely to select low and high severity burned forests
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over the unburned forest, open, closed, and other landcover types, respectively (Figure 3). In
order of selection, female elk selected for hunting districts with greater hunter pressure
suggesting that hunter pressure did not influence resource selection during the archery-only
period (Figure 3, Table 4). Next, female elk selected for areas further from motorized routes,
further from dense canopy, areas with greater digestible energy, and more rugged terrain (Figure
3, Table 4).
Backcountry rifle - We modeled female elk resource selection for the backcountry rifle
hunt period using 9,648 used locations and 49,829 available locations using 55 animal years
from 46 animals. All hyper-parameters in the model adequately converged (𝑅̂ < 1.1; Gelman et
al. 2014). The model estimated mean prevalence was 0.39 (SD = 0.29).
Similar to the prehunt and archery-only periods, female elk during the backcountry rifle
period selected burned forests, and there was no difference in selection between fire severity
categories. Female elk were 28%, 16%, 20%, and 57% more likely to select low and high
severity burned forests over the unburned forest, open, closed, and other landcover types,
respectively (Figure 4). Female elk were 15% more likely to select hunting districts with only
archery hunting compared to the two backcountry hunting districts with rifle hunting. In order of
selection, female elk selected for areas with less snowpack, hunting districts with less hunter
pressure, areas further from motorized routes, areas with greater ruggedness, and areas closer to
dense canopy (Figure 4, Table 5). Digestible energy was not important as credible intervals
overlapped zero (Figure 4, Table 5).
Rifle - We modeled female elk resource selection for the rifle hunt period using 8,707
used locations and 40,310 available locations using 52 animal years from 43 animals. All hyper-
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parameters in the model adequately converged (𝑅̂ < 1.1; Gelman et al. 2014). The model
estimated mean prevalence was 0.11 (SD = 0.15).
In contrast to the other three periods, elk avoided burned and unburned conifer forests
during the rifle period as elk were 14-18% more likely to select the open landcover type
compared to the remaining five landcover types (Figure 5). Overall selection of burned forests
was low, and elk were 3% more likely to select low severity burned forests compared to high
severity burned forests. There was no difference in selection between unburned and low severity
burned forests as credible intervals overlapped. In order of selection, female elk selected for
areas with less snowpack, hunting districts with less hunter pressure, areas closer to motorized
routes, and areas further from dense canopy (Figure 5, Table 6). In contrast to the prehunt and
archery-only periods, elk selected for areas with lower digestible energy. Ruggedness was not
important as credible intervals overlapped zero (Figure 5, Table 6). From the prehunt to the rifle
period elk transitioned from their summer range to their winter range (Figure 6).
Model fit - Model fit based on the Bayesian p-value suggested inadequate model fit for
the prehunt (Bayesian p-value = 0.98), archery-only (Bayesian p-value = 0.97), and backcountry
rifle hunt periods (Bayesian p-value = 0.98). For the rifle period, model fit was adequate
(Bayesian p-value = 0.81).
Discussion
As wildfire activity continues to increase throughout the western United States,
understanding impacts of fire severity on wildlife habitat and resource selection will be key in
managing populations in burned landscapes. Our study was the first to evaluate elk resource
selection during the fall hunting seasons shortly after a fire. In years two and three postfire,
female elk selected for burned forests regardless of fire severity during the prehunt, archery-only,
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and backcountry rifle hunt periods. During the prehunt and archery-only periods when there was
no or low hunter pressure, elk were likely attracted to burned forests because of an increase in
forage quality. In contrast, during the rifle hunt period, elk avoided both burned and unburned
forests as elk transitioned to their non-forested winter range. Therefore, other factors such as
snowpack and hunter pressure not related to wildfire effects likely influenced resource selection
during the rifle period. Overall, we found limited differences in resource selection between low
and high severity burned forests in years two and three postfire during the fall hunting seasons.
For years two and three after a large-scale wildfire, we found limited support for our
hypothesis that elk use of burned conifer forests would decrease as hunter pressure increased
from the prehunt to the rifle hunt period. During the rifle period, elk were less likely to use
burned or unburned forests as compared to the open landcover category. Because of where the
fire burned on the landscape, the distribution of snowpack and hunter pressure in our study area,
and the scale in which we assessed resource selection, we were unable to directly test the effects
of wildfire on elk resource selection during the rifle period. Similar to other studies, elk avoided
areas with high hunter pressure during the rifle season (Ranglack et al. 2017) and used areas with
less snowpack (Messer et al. 2009). The combination of these two factors suggests that elk in our
study area may have been following routine seasonal redistribution patterns to their lower
elevation non-forested winter range where the fire did not happen to burn. Alternatively, the
reduction in cover by fire may have reduced security resources for elk, which could have led elk
to avoid burned forests. A Before-After Control-Impact (BACI) study design would help to
disentangle the effects of fire, hunter pressure, and snowpack on elk resource selection.
However, BACI is difficult to implement given it is impossible to know where and when large
wildfires will occur.
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There was limited support for our hypothesis that selection would be greater in low
compared to high severity burned forests, as only the rifle hunt period showed differences in
selection between fire severity categories, where elk were marginally more likely to use low
severity over high severity burned forests. Hunter pressure increased during the rifle period
which could lead to an increase in perceived risk (Cleveland et al. 2012). Vertical vegetative
structure that provides hiding cover may be important for elk to reduce their susceptibility to
harvest during the rifle period (Skovlin et al. 2002, Long et al. 2014, Lone et al. 2017), as rifle
hunters require good visibility to land a successful shot. However, as previously stated, overall
selection for forests was low during this time, and elk were only marginally (3%) more likely to
use low severity over high severity burned forests, suggesting severity had a marginal influence
on resource selection.
Although the effect of fire severity was minimal for the rifle period, we found no
evidence that fire severity impacted resource selection during other hunt periods, which may be
explained by lower hunter pressure and differences in hunting strategy. During the prehunt
period, elk did not experience any hunter pressure. Previous studies have noted that elk risk to
predation is relatively low during this time frame as there is no human hunter pressure on the
landscape (Brodie et al. 2013). Consistent with other studies (Spitz et al. 2018), when risk was
low elk were able to use burned forests of either fire severity category freely where higher forage
quality occurred. During the archery-only and backcountry rifle hunt periods, cover may not be
as important as it is during the rifle season. Archery hunters have similar strategies as ambush
predators, using dense cover to conceal themselves from their prey (Cleveland 2012). Predation
success for ambush predators has been negatively correlated with increased visibility (Hay et al.
2008), and in turn, animals may select for recently burned areas to reduce their predation risk
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from ambush predators (Greene et al. 2012). Therefore, the greater visibility within both low and
high severity burned forests may be attractive to elk to avoid archery hunters. Additionally, elk
used more rugged terrain during the prehunt, archery-only, and backcountry rifle hunt periods
because it may be more difficult for archery hunters to access (Thurfjell et al. 2017, Lowrey et al.
2020).
Our study included years two and three postfire, where there were limited differences in
use of low and high severity burned forests; however, greater differences could be seen in the
future as the burned areas move through different successional stages (Turner et al. 1999, Kane
et al. 2013). First, fire improved forage quality regardless of fire severity in years two and three
postfire (Snobl et al. in press). During the prehunt and archery-only periods, when hunter
pressure was lower, elk may have been attracted to both fire severities because of the increase in
foraging efficiency (Canon et al. 1987). Forage quality could potentially differ between low and
high severity burned forests in the future as vegetation regenerates at varying paces, altering the
composition and phenology of vegetation communities. In turn, elk may alter their use of low
and high severity burned forests to select for areas with the greatest nutritional return. Next, as
time since fire increases more fire killed snags will fall (Ritchie and Knapp 2014, Grayson et al.
2019), potentially negatively influencing locomotion for elk in burned areas in the future. For
example, Lamont et al. (2019) showed that elk avoided areas with higher amounts of downed
logs in beetle-killed forests likely due to energy expenditures increasing. High severity burned
forests have more fire killed trees (Ryan 2002, Keeley 2009), and therefore, may experience
more downed logs in the future making travel costly. Following this increase in downed logs, elk
may avoid high severity burned forests in the future even if there are good nutritional resources
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available (Lamont et al. 2019). Further research is needed to understand the effects of fire
severity on elk resource selection at varying time steps postfire.
We found some support for our hypothesis that when there are multiple hunting methods
on the landscape at the same time, female elk will select for front country hunting districts with
only archery methods more than backcountry districts which allow rifle hunting. From the
archery-only to backcountry rifle period, hunter pressure increased in the two hunting districts
that had backcountry rifle hunting, likely influencing the perceived risk on the landscape
(Cleveland et al. 2012). In turn, elk may have selected for hunting districts with only archery
hunting. However, similar to the rifle period, the redistribution to front country archery only
hunting districts could also be influenced by elk selecting for areas with less snowpack as elk
begin to transition to their winter range. Additionally, of the two hunting districts that allowed
backcountry rifle hunting, only one hunting district allowed for antlerless harvest. Although our
study included only female elk, even “non-target individuals” may perceive an increase in risk
on the landscape and alter their distributions even if there is no real threat (Spitz et al. 2019).
Previous research has shown that elk avoid areas closer to roads (Ranglack et al. 2017,
Spitz et al. 2018, Lowrey et al. 2020) and open areas (Thurfjell 2017, Lowrey et al. 2020) during
the rifle season, but we found the opposite. One potential explanation is that the scale in which
we defined availability has influenced the inference we are able to draw (Boyce et al. 2006).
During the rifle period, snowpack accumulated in the higher elevational areas and was a primary
driver in elk resource selection. In turn, elk selection for areas closer to roads during the rifle
season may have been a result of elk transitioning out of their higher elevation, summer range
that was managed as federally designated wilderness which contained no motorized routes to
their lower elevation, winter range that was a mixture of non-wilderness public lands and private
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lands (i.e., roaded area). A potential explanation for why elk selected for open areas was that elk
redistributed to hunting districts with less hunter pressure during the rifle period. Flat, open
grasslands may be windswept, exposing forage for elk (Gude et al. 2006). Therefore, by reducing
their exposure to high hunter pressure, elk may use open areas, such as grasslands, to access
forage without increasing their susceptibility to harvest (Proffitt et al. 2010, Sergeyev et al.
2020).
Limitations
Inadequate model fit for the prehunt, archery-only, and backcountry rifle period models
was likely due to more variation in the system than our models were able to predict. However,
there is value in drawing inference from models with inadequate fit when they are simple,
reasonable, and further our understanding on the core mechanisms that drive ecological
processes (Royle et al. 2014). Given the care in developing parsimonious models and the
alignment of results with previous studies we believe there is use in interpretation of these
models, but we suggest using caution in drawing broad conclusions from the prehunt, archeryonly, and backcountry rifle period models.
Conclusion
Wildfires alter forest structure, influencing wildlife habitat and resource selection through
space and time. Our study is the first to assess the impacts of wildfire severity on female elk
resource selection during the hunting season, one of the riskiest times for elk. In years two and
three postfire, elk selected burned forests during the prehunt, archery-only, and backcountry rifle
hunt periods. The early fall is one of the most crucial nutritional periods (Cook et al. 2004), and
selection for areas with high forage quality within recently burned forests during the prehunt and
archery-only periods may positively impact female elk body condition, pregnancy rates, and
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overwinter survival. Additionally, hunt method, hunter pressure, and snowpack influenced
resource selection during the backcountry rifle and rifle periods. Elk in our study area were
potentially able to reduce their susceptibility to harvest during the rifle season by selecting for
hunting districts with low hunter pressure. Therefore, during rifle hunting, hunting districts with
conservative hunting regulations in low elevational areas with less snowpack may have provided
refuge for elk in our study area. Our study indicates that in years two and three after a large fire,
there may be limited differences in resource selection between low and high severity burned
forests. Overall, elk selected for burned forests more than unburned forests during the first three
hunt periods, and there were marginal differences in selection between forest types during the
rifle period. However, elk habitat and resource selection may differ in the future in our study area
as low and high severity burned forests move through successional stages at varying paces.
Further research is needed to understand the effects of fire severity on elk resource selection at
varying time steps postfire.
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Tables
Table 1. Percent of GPS locations, hunting regulations, and hunter pressure found within each of
the 10 hunting districts found in the Blackfoot-Clearwater elk fall range in west-central Montana
for 2019 and 2020. Hunter pressure is expressed as the total number of hunter days annually for
each hunting method and district estimated using the Montana Fish, Wildlife and parks harvest
survey program from data collected in 2020. *First 10 days: brow-tined bull or antlerless elk for
youth only ages 12-15; brow-tined bull for general tag; After the first 10 days: Brow-tined or
antlerless elk general tags. **The two hunting districts that have an early backcountry rifle
season.
Regulations
Hunting % GPS
District Locations
285

45.73%

Archery
Brow-tined Bull
or Antlerless Elk

Rifle
Brow-tined Bull; Browtined Bull or Antlerless
Elk only youth 12-15
and PTHFV

Hunter Pressure
Permits & Licenses

Archery

Rifle

Elk B License 285-01,
Antlerless Elk, quota = 30

2304.6

8898.4

408.5

957.3

154.9

2233.6

Elk Permit 281-01,
Antlerless Elk, quota = 10

2856.5

5871.7

Elk B License: 292-01,
Antlerless Elk, quota =
100

2279.2

6758.8

None

457.2

740.1

Elk Permit 282-10 Browtined Bull or Antlerless elk
for Youth 12-15, quota =
1; Elk Permit 282-00,
Antlerless Elk, quota = 25
None

282

34.69%

Brow-tined Bull
or Antlerless Elk

No General Rifle,
permit/License only

150*

5.40%

Brow-tined Bull

281

4.58%

Brow-tined Bull
or Antlerless Elk

292

3.79%

Brow-tined Bull
or Antlerless Elk

280*

3.07%

Brow-tined Bull
or Antlerless Elk

Brow-tined Bull**
Brow-tined Bull General; Brow-tined
Bull or Antlerless Elk Youth 12-15
Brow-tined Bull General; Brow-tined
Bull or Antlerless Elk
only youth 12-15 and
PTHFV
Brow-tined Bull or
Antlerless Elk**

298

2.38%

Brow-tined Bull
or Antlerless Elk

Brow-tined Bull or
Antlerless Elk

Elk B License 290-01,
Antlerless Elk, quota =
300

607.1

1333.4

130

0.32%

Brow-tined Bull
or Antlerless Elk

Brow-tined Bull

None

2068.3

6204.7

290

0.02%

Brow-tined Bull
or Antlerless Elk

Antlerless Elk

Elk B License 290-01,
Antlerless Elk, quota =
300

900.3

1461.9

283

0.00%

Brow-tined Bull
or Antlerless Elk

Brow-tined Bull

None

1453.5

4204
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Table 2. Covariates used in modeling resource selection for each hunt period and their
description, functional forms, and hypothesized direction of selection in the BlackfootClearwater elk population in west-central Montana, USA, 2019-2020.
Covariate

Description

Functional
form
(hypothesis)

Nutrition
Forage quality Digestible energy
L (+), Ps (+)
(kcal/g)
Landscape
Canopy Cover Percent canopy cover L (+), Ps (+)

Distance to
cover

Distance (m) to areas L (-), Ps (-)
with canopy cover
≥ 40%

Source

Hunt
Period(s)

Reference

Nutrition Model

All

Cook et al. (2004, 2013),
Proffitt et al. (2019)

Rangeland
Analysis Platform

All

Rangeland
Analysis Platform

All

Ranglack et al. (2017), DeVoe
et al. (2019), Lowrey et al.
(2020)
Proffitt et al. (2016)

Distance to
Distance (m) to
motorized route motorized routes
designated as open to
public use
Landcover
Unburned forest, low
type
severity burned
forest, high severity
burned forest, open,
closed
Terrain
A measure of terrain
Ruggedness
ruggedness capturing
variability in slope
and aspect
Hunting
Hunter Access Areas that permit
public hunter access
vs areas that restrict
or prohibit public
hunter access
Hunt Method Archery vs Rifle

L (+), Ps (+)

USFS travel
management plans

All

Categorical

Montana MSDI
Land Cover and
RAVG products

All

L (+), Ps (+)

Vector Ruggedness
Measure (VRM)

All

Binary

Block Management Archery- Proffitt et al. (2013)
Program and
only,
Public land
Backcountry
Rifle, Rifle

Categorical

Hunt Pressure Estimated number of
hunter days for each
district/hunting
method

L (-), Ps (-)

FWP hunting
Backcountry
Rifle
regulations –
Backcountry Rifle
Season
FWP harvest
Archery- Ranglack et al. (2017)
reports
only,
Backcountry
Rifle, Rifle

Environmental
SWE
Maximum SWE
value for each pixel
for each week

L (-), Ps (-)

SNOWDAS

100

Hillis (1991), Ranglack et al.
(2017), Spitz et al. (2018),
Lowrey et al. (2020)

Lowrey et al. (2020)

Backcountry Ranglack et al. (2017)
Rifle, Rifle

Table 3. Mean, standard deviation (SD), lower (2.5%), and upper (97.5%) credible intervals of
population level selection parameters for covariates from the case control resource selection
model for female elk during the prehunt period for the Blackfoot-Clearwater elk population in
west-central Montana, USA, 2019-2020. Continuous variables were standardized, distance to
road was included in its pseudothreshold form, and the intercept term is the low severity burned
forest.
95% Credible
Interval (CrI)
Lower
Upper
CrI
CrI

Variable
Dist. to dense
canopy

Mean

SD

0.21

0.08

0.06

0.37

Ruggedness
Digestible
energy
Dist. to road
Unburned
High severity
Open
Closed
Other
Intercept

0.18

0.08

0.02

0.33

0.91

0.15

0.64

1.21

2.05
-3.52
2.10
-8.86
-6.40
-6.44
4.70

0.17
0.36
0.44
0.50
0.35
0.39
0.31

1.72
-4.20
1.31
-9.95
-7.11
-7.18
3.91

2.36
-2.83
3.04
-7.92
-5.74
-5.67
4.99
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Table 4. Mean, standard deviation (SD), lower (2.5%), and upper (97.5%) credible intervals of
population level selection parameters for covariates from the case control resource selection
model for female elk during the archery-only hunt period for the Blackfoot-Clearwater elk
population in west-central Montana, USA, 2019-2020. Continuous variables were standardized
and the intercept term is low severity burned forest.
95% Credible Interval
(CrI)
Lower CrI
Upper CrI

Variable
Dist. to dense
canopy

Mean

SD

1.17

0.19

0.81

1.56

Ruggedness
Digestible
energy
Dist. to road
Hunter pressure
Unburned
High severity
Open
Closed
Other
Intercept

0.23

0.10

0.04

0.43

0.77

0.20

0.42

1.20

1.32
3.12
-4.31
1.76
-7.52
-6.02
-5.52
4.68

0.36
0.32
0.47
0.34
0.75
0.49
0.51
0.32

0.59
3.84
-5.25
1.13
-9.15
-7.00
-6.55
3.84

2.03
4.99
-3.40
2.44
-6.20
-5.07
-4.54
4.99
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Table 5. Mean, standard deviation (SD), lower (2.5%), and upper (97.5%) credible intervals of
population level selection parameters for covariates from the case control resource selection
model for female elk during the backcountry rifle hunt period for the Blackfoot-Clearwater elk
population in west-central Montana, USA, 2019-2020. Continuous variables were standardized
and the intercept term is low severity burned forest in archery only areas.

Variable
Dist. to dense
canopy
Ruggedness
Digestible energy
Dist. to road
Hunter pressure
Max SWE
Unburned
High severity
Open
Closed
Other
Hunt Method Rifle
Intercept

Mean

SD

95% Credible
Interval (CrI)
Lower
Upper
CrI
CrI

-0.15

0.03

-0.22

-0.09

0.20
0.02
-0.62
-0.62
-1.11
-3.79
0.38
-3.09
-3.32
-5.03

0.03
0.03
0.08
0.03
0.05
0.14
0.08
0.12
0.13
0.18

0.15
-0.05
-0.78
-0.68
-1.22
-4.06
0.22
-3.34
-3.59
-5.39

0.26
0.09
-0.46
-0.57
-1.01
-3.69
0.55
-2.85
-3.23
-4.69

-3.27

0.15

-3.56

-2.99

4.67

0.32

3.81

4.99
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Table 6. Mean, standard deviation (SD), lower (2.5%), and upper (97.5%) credible intervals of
population level selection parameters for covariates from the case control resource selection
model for female elk during the general rifle hunt period for the Blackfoot-Clearwater elk
population in west-central Montana, USA, 2019-2020. The continuous variables are standardized
and the intercept term is low severity burned forest.

Variable
Dist. to dense
canopy
Ruggedness
Digestible energy
Dist. to road
Hunter pressure
Max SWE
Unburned
High severity
Open
Closed
Other
Intercept

Mean

SD

95% Credible
Interval (CrI)
Lower
Upper
CrI
CrI

0.35

0.04

0.27

0.43

0.04
-0.22
-1.22
-2.18
-3.48
-0.59
-3.32
1.91
0.13
-0.39
-3.48

0.04
0.05
0.10
0.05
0.46
0.14
0.27
0.13
0.12
0.13
0.46

-0.04
-0.32
-1.42
-2.27
-3.98
-0.87
-3.86
1.66
-0.11
-0.67
-3.98

0.11
-0.12
-1.04
-2.09
-2.29
-0.33
-3.13
2.15
0.36
-0.15
-2.29
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Figures

Figure 8. The Blackfoot-Clearwater elk population fall range (August 22 – December 1),
perimeter of the Rice Ridge Wildfire, and hunting districts (HD) located in the Ovando – Seeley
Lake area of west-central Montana, USA. Backcountry rifle hunting takes place in hunting
districts 150 and 280 and hunting district 282 is by permit only for the rifle season.
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Figure 2. Estimated probability of use during the prehunt period as a function a) landcover category,
b) distance to dense canopy, c) terrain ruggedness, d) digestible energy, and e) distance to open road
for the Blackfoot Clearwater elk population in west-central Montana, USA, 2019-2020. Panels b - e
assumes all other continuous covariates are fixed at their mean observed value, and use occurs in
high severity burned forests. The mean posterior distribution is represented by the black line and the
95% credible intervals are represented by the gray ribbons.
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Figure 3. Estimated probability of use during the archery-only period as a function a) landcover
category, b) distance to dense canopy, c) terrain ruggedness, d) digestible energy, e) distance to
open road, and f) hunter pressure for the Blackfoot Clearwater elk population in west-central
Montana, USA, 2019-2020. Panels b – f assumes all other continuous covariates are fixed at
their mean observed value, and use occurs in high severity burned forests. The mean posterior
distribution is represented by the black line and the 95% credible intervals are represented by the
gray ribbons.
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Figure 4. Estimated probability of use during the backcountry rifle period as a function of a) landcover category,
b) hunt method, c) distance to dense canopy, d) ruggedness, e) digestible energy, f) distance to motorized route,
g) hunter pressure, and h) max swe for the Blackfoot Clearwater elk population in west-central Montana, USA,
2019-2020. Panel a assumes that use occurs in archery only areas, panel b assumes that use occurs in high
severity burned forests, and panels c - h assumes all other continuous covariates are fixed at their mean observed
value, and use occurs in high severity burned forests in archery only areas. For panels a and b, circles represent
the mean posterior distribution and error bars represent the 95% credible interval. For panels c – h, the mean
posterior distribution is represented by the black line and the 95% credible intervals are represented by the gray
ribbons.
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Figure 5. Estimated probability of use during the
rifle period as a function a) landcover category, b)
distance to dense canopy, c) terrain ruggedness, d)
digestible energy, e) distance to open road, f)
hunter pressure, and g) SWE for the Blackfoot
Clearwater elk population in west-central
Montana, USA, 2019-2020. All panels assume all
other continuous covariates are fixed at their mean
observed value, and use occurs in the open
landcover type. The mean posterior distribution is
represented by the black line and the 95% credible
intervals are represented by the gray ribbons.
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Figure 6. Probability of use predicted for the prehunt (panel a), archery-only (panel b), backcountry rifle (panel c), and rifle (panel d)
hunt periods for the Blackfoot-Clearwater elk population fall range in west-central Montana using the case-control model with
contaminated controls for each hunt period. Backcountry rifle hunting takes place in hunting districts 150 and 280 and hunting district
282 is by permit only for the rifle season. From the prehunt to the rifle period, female elk transitioned from their backcountry summer
range to their front country winter range
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Supplemental Material
Appendix A. Methods and results for modeling forage quality for the early and late fall
Methods
Overview
We developed two landscape nutrition models to predict forage quality for the early fall
(August 24 – October 14) and late fall (October 15 – December 1) using similar methods as
Snobl et al. (In press). First, we collected fecal samples and used DNA metabarcoding to
determine the primary fall forage species. Next, we sampled vegetation across multiple
vegetation types to estimate forage quality (Snobl et al. In press). We used vegetation sampling
data collected from August of 2019 and 2020 to develop landscape nutrition models as a function
of spatial and temporal covariates.
Fall Diet
To identify the fall primary forage species for the Blackfoot-Clearwater elk population,
we collected fecal pellet samples in September and October of 2020 and used DNA
metabarcoding techniques to identify plant species in the samples. For the samples, we collected
two pellets from 10 individual pellet piles that were >1 meter apart from one another for a total
of 20 pellets. To ensure the sample was from the targeted season, we collected only fresh, moist
pellets. We froze samples, placed them in a vial containing a liquid salt-based DNA stabilizer
and sent samples to the lab for DNA metabarcoding analysis (Species from Feces, Northern
Arizona University, Flagstaff, Arizona). We used the results to determine the fall diet using
similar methods as Chapter 1. We then used the fall diet to calculate forage quality at each of the
vegetation sampling sites.
Estimating Forage Quality
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We used vegetation sampling site data collected in August from 11 different vegetation
cover types to estimate forage quality for elk during the fall (Snobl et al. In press). We used
August data because vegetation continued to emerge in recently burned conifer forests
throughout the summer in our study area (Snobl et al. In press). Therefore, samples collected in
May-July may not accurately portray the forage quality found in fall.
We estimated the forage quality as the mean digestible energy (measured as kcal/g of
forage) of the sampling site by first filtering to the fall diet list. We developed separate estimates
for forage quality for the early and late fall. For the early fall, we calculated the average
phenology for forbs, graminoid, and shrub fall forage species from vegetation sampling sites
collected in the last week of August. We applied this average lifeform phenology to all August
sampling sites. We then rescaled the forage species cover by dividing it proportionally amongst
the averaged phenological stages. For the late fall, we assumed that all vegetation would be
senesced. At the quadrat level we then multiplied the proportion of each species in each
phenological stage by the species-phenological stage specific DE and then summed. We then
averaged across the five quadrats to calculate the sampling site’s mean DE.
Landscape nutrition modeling
We developed two separate landscape nutrition models for the early and late fall seasons
to predict forage quality using linear models following similar methods as Chapter 1. We
separately modeled each vegetation cover type (i.e., mesic forests, dry forests, riparian,
grasslands, deciduous shrublands, and deciduous forests). Covariates evaluated to predict forage
quality and quantity included aspect, tree canopy cover, compound topography index, distance to
unburned patch, elevation, patch size, solar radiation, total summer precipitation, and fire
severity (unburned, low severity, and high severity in mesic and dry forests only). We screened
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covariates for collinearity, and we only included covariates with a Pearson’s correlation
coefficient < 0.6. Our goal was to determine which combination of covariates, best predicted DE
in each of the vegetation cover types. We considered all subsets of plausible covariates and
selected the most parsimonious model using AICc. We used R2 values from the top models to
assess goodness of fit. We did not model forage quality for irrigated agriculture as forage quality
and quantity within irrigated agriculture is driven more by human management than
environmental covariates. Therefore, we assigned the median values from irrigated agriculture
sampling to the similarly identified landcover model polygons.
Results
Diet and vegetation sampling sites
We collected 5 composite fall pellet samples and identified 22 species in the fall diet
from DNA metabarcoding techniques. To estimate forage quality in irrigated agriculture fields
we included Medicago sativa and Phleum sp. to our fall diet list (Table 1). Irrigated agriculture
has been found to provide high overall nutrition for elk (Barker et al. 2019), and elk within the
Blackfoot-Clearwater population utilize agricultural fields in the fall months. The fall diet was
comprised of six forb, five graminoid, and 13 shrub taxa. The highest ranked diet species in each
of the respective lifeforms were fireweed (Chamerion angustifolium), wildrye (Elymus sp.), and
rose (Rosa sp.). We sampled a total of 243 vegetation sampling sites in August of 2019 and 2020
with a roughly even number of samples in each vegetation cover type.
Forage quality
Median DE during the early fall was 2.79 kcal/g (25 – 75% quantiles: 2.39 – 3.09) and
during the late fall was 2.42 (25 – 75% quantiles: 2.17 – 2.64). Digestible energy varied by
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vegetation cover type and fall season (Figure 1). The covariates that best predicted forage quality
varied based on vegetation cover type and fall season (Table 2).

Tables
Table 1. Taxa identified as fall forage species from DNA metabarcoding for the BlackfootClearwater elk population in west-central Montana from samples collected in September and
October of 2020.
Taxon
Chamerion angustifolium
Rosa sp.
Hedysarum sp.
Elymus sp.
Cornus sp.
Potentilla sp.
Poa sp.
Rubus sp.
Salix sp.
Symphoricarpos albus
Eurybia sp.
Shepherdia canadensis
Bromus sp.
Deschampsia sp.
Verbascum thapsus
Elaeagnus sp.
Alnus sp.
Vaccinium sp.
Xerophyllum sp.
Acer sp.
Rhododendron sp.
Ribes sp.

Final
rank
1
2
3
3
3
3
4
5
5
6
7
7
7
8
8
8
9
10
11
12
12
12
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Table 2. Standardized coefficient estimates and standard errors for the top models predicting forage quality in each of the vegetation
cover types for early and late fall for the Blackfoot-Clearwater elk population in west-central Montana in 2019 and 2020. Bold face
values denote 95% CI not containing 0. Effects of fire severity in dry and mesic forests are in relation to the reference unburned forest
(intercept).
Early Fall
Covariate
Intercept
Low Severity
High Severity
Elevation
Slope
Canopy
Solar Radiation
Summer Precip
Apsect
CTI
Patch Size*Fire
Severity
R^2

Late Fall

Dry Forests

Mesic
Forests

Deciduous
Forests

Deciduous
Shrubland

Grassland

Riparian

Dry Forests

Mesic
Forests

Deciduous
Forests

Deciduous
Shrubland

Grassland

Riparian

2.12 (0.14)
0.89 (0.18)
0.80 (0.18)
0.06 (0.08)
-

2.11 (0.09)
0.78 (0.11)
0.67 (0.12)
-0.15 (0.05)
-0.19 (0.06)
-

2.89 (0.05)
0.10 (0.05)
-

2.52 (0.06)
0.21 (0.05)
-

4.40 (0.94)
1.64 (0.61)
-0.87 (0.36)
-0.48 (0.22)
-

2.41 (0.21)
-0.27 (0.14)
-

1.85 (0.12)
0.68 (0.16)
0.60 (0.15)
0.07 (0.07)
-

1.79 (0.07)
0.63 (0.09)
0.56 (0.09)
-0.13 (0.04)
-0.15 (0.05)
-

2.48 (0.05)
-0.14 (0.05)
-

2.12 (0.05)
0.17 (0.04)
-

3.00 (0.26)
-1.06 (0.28)
-0.49 (0.21)
-0.50 (0.20)

2.03 (0.17)
-0.26 (0.11)
-

-

-

-

-

-

-

-

-

-

-

-

-

0.3

0.45

0.14

0.44

0.34

0.12

0.24

0.46

0.31

0.45

0.4

0.19
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Figures

Figure 1. Median digestible energy measured within each vegetation cover class for the early and
late fall for the Blackfoot-Clearwater elk population in west-central Montana from 2019-2020.
The median is represented by the horizontal lines through the boxes, the interquartile range
(IQR) is represented by the length of the box, 1.5x the IQR is represented by the whiskers,
outliers >1.5x IQR are represented by the points outside of the whiskers.
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Appendix B: Elk prevalence estimation
Methods
Resource selection probability functions (RSPF) require the estimation of a “prevalence”
term, equivalent to the average probability of use by the species of interest across sample units
within the study area (Rota et al. 2013). Prevalence may be estimated from use-availability data;
however, prior information about species prevalence may improve model convergence and fit.
Thus, we used trail camera data to estimate seasonal elk prevalence across our study area for use
in seasonal elk RSPFs.
Field Methods
We deployed 138 motion-activated Reconyx Hyperfire 2 trail cameras in 2019 and 133
trail cameras in 2020 at random locations generated using a generalized random tessellation
stratified approach in Program R (Dumelle et al. 2022). We placed cameras at approximately
chest height (~1.4 m), parallel to the ground, facing a direction that offered the largest viewshed.
We set cameras to take bursts of 5 photos each time triggered, with no lag time between triggers,
24 hours per day. Cameras were active for at least 14 days; if a camera failed (e.g., camera
knocked down, battery/SD card failure, etc.), we censored that camera from further analysis.
After we retrieved cameras, we identified mammal species in photos using Timelapse Image
Analysis system (Greenberg et al. 2019). All trail camera field methodology was approved
through the University of Montana Institutional Animal Care and Use Committee (protocol
identification number: 015-18JMWB-031618).
Analytical Methods: Occupancy Models
We separated trail camera data into seasonal periods, based on logical biological and
environmental/anthropogenic factors driving elk movement patterns and resource use. Seasons
included: Fall: period 1 (August 24 – September 14, 2019 or August 22 – September 14, 2020),
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Fall: period 2 (September 15 – October 25, 2019 or September 15 – October 23, 2020), and Fall:
period 3 (October 26 – December 01, 2019 or October 24 – November 2, 2020). Fall seasons
coincided with the prehunt and archery hunt periods (Fall: period 1), backcountry rifle hunt
period (archery hunting in front country districts and rifle hunting in backcountry districts; Fall:
period 2), and the rifle hunt period (Fall: period 3) in 2019 and 2020. We grouped camera data
from 2019 and 2020 to increase sample size and improve inference related to elk prevalence.
For each period, we divided the camera activity period into 7-day “surveys” and identified
whether a female elk was detected (i.e., photo taken) during each survey, resulting in binary
“detection histories” for each camera. Further, we identified spatial covariates for each camera
that could affect elk use of the site. Covariates included archery hunter pressure, rifle hunter
pressure, hunt method (archery or firearm), snow water equivalent (SWE), digestible energy
(DE), tree canopy cover, distance to tree canopy cover >40%, distance to open road, vector
ruggedness measure (Sappington et al. 2007, Lowrey et al. 2020), and land cover category.
Covariates such as DE and SWE varied temporally, so we calculated the mean covariate values
throughout each seasonal period and used those values for analysis. Before fitting models, we
centered and scaled all continuous covariates and determined whether covariates were correlated
using Pearson’s correlation coefficient (r; Pearson 1895). We removed covariates from models if
|r| ≥ 0.7 (Dormann et al. 2013).
We fit a suite of occupancy models (MacKenzie et al. 2002) for each fall season using the
elk detection histories as the response and the uncorrelated covariates described above as
predictors of elk use. We assumed constant detection probability in each model. We compared
models within a model set using Akaike’s Information Criterion adjusted for small sample size
(AICc; Akaike 1973, Burnham and Anderson 2002), assuming the model with the lowest AICc
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was most supported (Burnham and Anderson 2002). We used parameter coefficients from the
most-supported model to make a predictive map of elk occupancy for each period throughout the
study area.
Analytical Methods: Individual-based Prevalence Estimates
We used the “adehabitatHR” package (Calenge 2006) and elk location data to calculate
95% kernel density home ranges for each elk for each hunt period (i.e., prehunt, archery-only,
backcountry rifle, and rifle; Chapter 2). We only included elk that had active collars for at least
half the hunt period to ensure home range estimates were representative of elk use throughout the
period. We considered prevalence to be equivalent to occupancy, given both metrics describe the
probability a site is used; thus, we estimated individual-based hunt period elk prevalence by
calculating the mean occupancy value within each elk home range boundary (Figure ). These
individual prevalence estimates were then used to create informative beta priors for the
prevalence term in a Bayesian implementation of an RSPF. Specifically, we used moment
matching to induce a prior on the prevalence term with mean = prevalence and variance =
variance, such that:
𝑎 = 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 ∗ (

𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 ∗ (1 − 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒)
− 1)
𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒

(Eq. 1)

𝑏 = 𝑎 ∗ (1 − 𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒)/𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒
𝑝𝑖~𝑑𝑏𝑒𝑡𝑎(𝑎, 𝑏)
where a and b are shape parameters for the beta distribution, “prevalence” is the individualbased elk prevalence, variance is the variance of the individual-based elk prevalence and pi is the
prior distribution for the prevalence term. We used a variance of 0.03 in RSPF models because it
allowed for a relatively informative prevalence prior, while inducing some uncertainty, in case
prior knowledge of elk prevalence was inaccurate.
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Results
We used data from 84, 132, and 121 trail cameras during period 1, period 2, and period
3, respectively, in 2019 and 2020 to estimate fall elk prevalence. Trail cameras were active for an
average of 34.4 days (range = 14 – 49 days) during each period. We detected female elk at 18
sites (20. 2%) during period 1, 22 sites (16.7%) during period 2, and 15 sites (12.4%) during
period 3.
We compared 9 candidate occupancy models during period 1 and the most supported
occupancy model included only the archery hunting pressure covariate (Tables
Table 4). However, the effect of archery pressure on occupancy was not strong (β = 1.10,
SE = 0.80). Predicted elk occupancy probability varied from 0.18 – 0.77 across the study area
and was highest within accessible hunting districts at lower elevations, where archery pressure
was highest (Figure 9). Detection probability during this period was constant at 0.20 (SE = 0.12).
We compared 13 candidate occupancy models during period 2 (Tables
Table 4) and the most supported model included only the distance to road covariate (β = 0.70, SE = 0.39). Predicted elk occupancy varied from 0 to 0.33 across the study area and was
highest closer to roads, generally at lower elevations (Figure 9). Detection probability during this
period was constant at 0.24 (SE = 0.071).
We compared 11 candidate occupancy models during period 3 (Tables
Table 4) and the most supported model included firearms hunting pressure (β = -4.22, SE
= 4.88) and SWE (β = -9.42, SE = 6.02; Table 1). Predicted elk occupancy varied from 0 to 0.88
and was highest in hunting district 282 that restricted firearms hunting access and occurred at
lower elevations, where there was less snow (Figure 9). Detection probability during this period
was constant at 0.29 (SE = 0.057).
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We estimated individual-based prevalence for hunt period home ranges of 46 unique elk
for 55 elk years for the prehunt, archery-only, and backcountry rifle (9 elk were surveyed during
2019 and 2020) and 43 unique elk for 52 elk years for the rifle period. Estimated prevalence for
the prehunt and archery-only periods were similar with mean = 0.61 (SD = 0.15) and mean =
0.61 (SD = 0.17), respectively. Estimated prevalence for the backcountry rifle period was lower
than the first two hunt periods with mean = 0.27 (SD = 0.03). For the rifle period, estimated
prevalence was mean = 0.51 (SD = 0.19) (Table 2).
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Tables
Table 4. Model selection results for female elk occupancy (ψ) during Fall: Period 1 (August 24 –
September 14, 2019 or August 22 – September 14, 2020), Fall: Period 2 (September 15 –
October 25, 2019 or September 15 – October 23, 2020), and Fall: Period 3 (October 26 –
December 13, 2019 or October 24 – December 11, 2020) in the Blackfoot-Clearwater region of
western Montana, USA. Covariates included in models represent: null (.), archery hunting
pressure (“archery”), firearms hunting pressure (“rifle”), distance to open road (“road.dist”),
landcover type (“landcover”), digestible energy (“DE”), distance to canopy cover >40%
(“canopy.dist”), canopy cover (“canopy”), snow water equivalent (“SWE”), and vector
ruggedness measure (“rugged”). “K” represents the number of parameters in the model, “AICc”
is Akaike’s Information Criterion adjusted for small sample size, “ΔAICc” is the difference in
AICc units between the current model and the most-supported model, and “AICc wt” is the AICc
weight of the model. All models included a constant detection probability (p).
K

AICc

ΔAICc AICc wt

Fall: Period 1 ψ(archery) p(.)
ψ(road.dist) p(.)
ψ(landcover) p(.)
ψ(DE) p(.)
ψ(canopy.dist) p(.)
ψ(.) p(.)
ψ(canopy) p(.)
ψ(SWE) p(.)
ψ(rugged) p(.)

3
3
7
3
3
2
3
3
3

131.48
132.16
133.47
134.22
135.32
135.41
135.53
137.33
137.49

0.00
0.68
2.00
2.74
3.84
3.93
4.05
5.86
6.02

0.35
0.25
0.13
0.09
0.05
0.05
0.05
0.02
0.02

Fall: Period 2 ψ(road.dist) p(.)
ψ(hunt.method) p(.)
ψ(.) p(.)
ψ(SWE) p(.)
ψ(hunt.method + archery) p(.)
ψ(archery) p(.)
ψ(canopy) p(.)
ψ(canopy.dist) p(.)
ψ(rugged) p(.)
ψ(DE) p(.)
ψ(landcover) p(.)
ψ(canopy + canopy.dist + road.dist +
rugged + land) p(.)
ψ(Global) p(.)

3
3
2
3
4
3
3
3
3
3
7

190.96
192.88
193.40
193.48
193.62
195.22
195.23
195.23
195.36
195.46
197.95

0.00
1.92
2.44
2.52
2.66
4.26
4.27
4.27
4.40
4.50
6.99

0.35
0.14
0.10
0.10
0.09
0.04
0.04
0.04
0.04
0.04
0.01

11 205.24
15 213.49

14.28
22.53

0.00
0.00

Fall: Period 3 ψ(rifle + SWE) p(.)
ψ(rifle) p(.)
ψ(SWE) p(.)

4
3
3

0.00
13.13
15.28

1.00
0.00
0.00

Season

Model
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140.94
154.07
156.22

ψ(landcover) p(.)
ψ(canopy + canopy.dist + road.dist +
rugged + land) p(.)
ψ(road.dist) p(.)
ψ(rugged) p(.)
ψ(.) p(.)
ψ(canopy) p(.)
ψ(canopy.dist) p(.)
ψ(DE) p(.)
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7

172.19

31.25

0.00

11
3
3
2
3
3
3

174.72
181.23
191.00
192.31
194.20
194.39
194.40

33.78
40.29
50.06
51.37
53.26
53.45
53.46

0.00
0.00
0.00
0.00
0.00
0.00
0.00

Table 5. Estimated elk prevalence (i.e., occupancy probability) within 55 elk 95% kernel density
hunt period home ranges in the Blackfoot-Clearwater region of western Montana, USA in 2019
and 2020. “Elk_Year” represents the unique elk identifier and the year of the home
range/prevalence estimate.
Estimated Prevalence
Elk_Year
Prehunt Archery-Only Backcountry Rifle
0.22
0.24
0.24
19505_2019
0.48
0.63
0.29
19510_2019
0.66
0.69
0.28
19510_2020
0.69
0.69
0.29
19511_2019
0.69
0.69
0.29
19511_2020
0.57
0.69
0.26
19516_2019
0.67
0.69
0.25
19516_2020
0.69
0.39
0.23
19517_2019
0.20
0.20
0.26
19519_2019
0.69
0.69
0.32
19520_2019
0.63
0.27
0.27
19520_2020
0.69
0.69
0.28
19521_2019
0.67
0.62
0.31
19521_2020
0.79
0.79
0.29
19528_2019
0.79
0.77
0.29
19528_2020
0.69
0.69
0.29
19529_2019
0.69
0.68
0.29
19529_2020
0.50
0.69
0.28
19700_2019
0.68
0.69
0.25
19701_2019
0.69
0.68
0.32
19702_2019
0.69
0.69
0.29
19702_2020
0.38
0.69
0.30
19703_2019
0.68
0.63
0.28
19703_2020
0.34
0.20
0.25
20225_2020
0.67
0.50
0.27
20229_2020
0.69
0.69
0.30
20232_2020
0.69
0.69
0.30
20234_2020
0.62
0.69
0.27
20235_2020
0.60
0.63
0.27
20236_2020
0.60
0.60
0.26
20237_2020
0.65
0.69
0.28
20239_2020
0.69
0.69
0.30
20240_2020
0.68
0.69
0.25
20241_2020
0.78
0.77
0.28
20242_2020
0.62
0.79
0.26
20243_2020
0.66
0.68
0.29
20244_2020
0.69
0.69
0.30
20245_2020
0.69
0.69
0.30
20246_2020
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Rifle
0.45
0.65
0.57
0.64
0.58
0.44
0.63
0.70
0.70
0.18
0.36
0.68
0.67
0.32
0.40
0.62
0.47
--0.10
0.00
0.69
0.62
0.62
0.46
0.66
0.22
0.73
0.72
0.63
0.72
0.37
0.64
0.27
0.51
0.66
0.17
0.22

20247_2020
20248_2020
20249_2020
20250_2020
20251_2020
20252_2020
20253_2020
20254_2020
20256_2020
20257_2020
20259_2020
20260_2020
20261_2020
20262_2020
20263_2020
20266_2020
20268_2020

0.60
0.64
0.68
0.69
0.68
0.62
0.20
0.63
0.54
0.62
0.65
0.69
0.68
0.21
0.64
0.20
0.61

0.60
0.79
0.62
0.69
0.63
0.60
0.20
0.64
0.59
0.69
0.79
0.69
0.62
0.23
0.69
0.22
0.49

0.27
0.23
0.30
0.30
0.28
0.27
0.16
0.27
0.27
0.28
0.29
0.32
0.28
0.20
0.29
0.22
0.26
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0.73
-0.61
0.26
0.58
0.53
0.53
0.72
0.69
0.63
0.26
0.32
0.58
0.54
0.50
0.64
0.63

Figure 1. Example workflow for estimating female elk individual-based prevalence values for
defining informative priors in a Bayesian implementation of a resource selection probability
function for elk in the Blackfoot-Clearwater region of western Montana, USA. We used trail
camera data (1) to produce occupancy probability predictive maps (2), from which we extracted
predicted values within individual elk 95% kernel density home range contours (3 and 4). We
used the mean occupancy value within an individual home range as the prevalence value for that
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individual, then used moment matching to induce a beta prior on the prevalence term with mean
= prevalence and variance = 0.03 (5 and 6).
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a. Period 1

b. Period 2

c. Period 3

Figure 9. Female elk occupancy probability predictive maps during period 1 (August 24 –
September 14, 2019 or August 22 – September 14, 2020; panel a.), period 2 (September 15 –
October 25, 2019 or September 15 – October 23, 2020; panel b.), and period 3 (October 26 –
December 1, 2019 or October 24 – November 29, 2020; panel c.) in the Blackfoot-Clearwater
region of western Montana, USA. The black outline in each figure represents the 99% annual
home range of all collared elk in the region. Red circles represent trail cameras where a female
elk was detected, while black exes represent trail cameras where female elk were not detected.
Warmer colors represent higher predicted occupancy probability.
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Appendix C: Summary statistics of covariates for used locations
The percentage of used locations within each landcover type varied by hunt period (Table
1). Hunter accessibility varied by hunt period with 92%, 92%, 84%, and 79% of used locations
occurred on accessible lands. Mean distance to dense canopy for used locations was 246 m (SD
= 323), 293 m (SD = 384), 205 m (SD = 284), and 344 m (SD = 349) for the prehunt, archeryonly, backcountry rifle, and rifle hunt periods, respectively. Mean digestible energy for used
locations was 2.57 kcal/g (SD = 0.40), 2.57 kcal/g (SD = 0.39), 2.52 kcal/g (SD = 0.40), and 2.47
kcal/g (SD = 0.36) for the prehunt, archery-only, backcountry rifle, and rifle hunt periods,
respectively. Mean distance from motorized routes for used locations was 3367 m (SD = 3037),
3275 m (SD = 3029), 2046 m (SD = 2597), and 1120 m (SD = 635) for the prehunt, archeryonly, backcountry rifle, and rifle hunt periods, respectively. During the backcountry rifle hunt
period, 91% of used locations were in hunting districts with archery hunting only compared to
9% of used locations in hunting districts with rifle hunting.
The availability of SWE increased on the landscape from the backcountry rifle to the rifle
hunt periods, and the amount of SWE varied by hunt district (Table 2). Mean SWE for the used
locations for the backcountry rifle and rifle hunt periods was 0.004 m (SD = 0.01) and 0.02 m
(SD = 0.01), respectively.
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Tables
Table 1. Percentage of used locations within each landcover type for each hunt period model
used in modeling resource selection for the Blackfoot-Clearwater elk population in west-central
Montana, USA, 2019-2020.
Landcover
Type
Unburned
Low Severity
High Severity
Open
Closed
Other

Percentage of Used Locations
Archery- Backcountry
Prehunt
only
Rifle
Rifle
23%
21%
20%
12%
32%
26%
25%
1%
34%
38%
25%
1%
1%
2%
12%
68%
5%
7%
13%
12%
5%
7%
5%
6%

Table 2. Summary statistics for the amount of SWE (measured in meters of snowpack) within the
Blackfoot-Clearwater elk population’s fall range and each hunt district for the backcountry rifle
and rifle hunt periods.
Backcountry Rifle
Hunt
district
285
282
150
281
292
280
298
130
290
283

Minimum
0.001
0.002
0.004
0.001
0.001
0.004
0.002
0.002
0.002
0.002

Maximum
0.05
0.003
0.05
0.04
0.002
0.04
0.002
0.02
0.002
0.003

Mean (SD)
0.01 (0.01)
0.002 (0.0003)
0.03 (0.01)
0.01 (0.01)
0.002 (0.0003)
0.03 (0.01)
0.002 (0.0000)
0.01 (0.01)
0.002 (0.0000)
0.003 (0.001)

Rifle Period
Median Minimum Maximum
0.004
0.01
0.23
0.002
0.01
0.02
0.03
0.02
0.26
0.01
0.01
0.14
0.002
0.01
0.01
0.03
0.02
0.17
0.002
0.01
0.01
0.003
0.01
0.11
0.002
0.01
0.01
0.003
0.01
0.02
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Mean (SD)
0.05 (0.05)
0.01 (0.001)
0.13 (0.05)
0.04 (0.03)
0.01 (0.001)
0.11 (0.04)
0.01 (0.001)
0.04 (0.03)
0.01 (0.001)
0.02 (0.002)

Median
0.02
0.01
0.13
0.03
0.01
0.11
0.01
0.02
0.01
0.02

